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The transearth portion of the t_tal flight trajectory represents one

of the most critical guidauce areas d-_e to the stringency of reqr_Irements

for dellve:_z_ the vehicle to a na.._r.owre-entry corridor and the establish-

ment of accurate initial co_.ditions of velocity, position and local vertical

orientation, the latter required to achieve the landing point accux_cyo

For the purposes of this analysis, it has been assumed that all guddsnce

is performed solel_ _ _rith vehicle borne equi_mento It is fu__ther assumed

that the actual vehicle trajectory will be determined by explicit techniques°

There are many methods by which the vehicle trajectory can be obtalnedo For

the self-contalned system, these will be limited to data which can be direct-

ly obtained or computed fr_n augle measurements between stars and features

of the earth and moon, an accurate measurement of time ar.d luuar ephemeris

and star data° The general methods are as follc_rs:

li_ From a knowledge of range from the vehicle to the geocenter_

the directlon cosines between the local geocentric vertical and

an inertial reference and time, these values being taken at a

number of points along the trajectory, the trajectory can be

cc_r_utedo Thus, the trajectory can be determined by measurement

of range, direction cosines and time at two _olnts.: range and the

Cirectlon cosines at these points and the direction cosines aud

ti_e at four points.

2_ The trajectory can be cc_uted from observation of the t_me of lunar

occultation of six known stars or frc_ the observation of the

_Ime of lunar occultatlo_ of three kno_m stare and the identification

of the point on the moon where occultation occt_rredo



3) More generally, the trajecto_r cam be obtained from the measure-

ments of six independent pieces of information. Thus, if the

s_gle bet_een a kmo_m pair of stars mad an acc_trately kno1_n land-

mark Such as a lunar crater and time are taken at six points

along the trajectory, and the trajectory can be cc_putedo For

the trajectory to be com_uted_ these six pieces of Information

can be diverse types (i°eo, angles, range, etco_ at each meastLre-

merito

The first method treats the parameters range and local vertical as if

they were obtained at a discrete point along the trajectory° In actual

practice the information requlred to determine these parameters represent

readings taken at three or more discrete times and positions, this

distributed data being updated in the digital computer to obtain the

parameters range and local vertical at a specific future time° For the

other two general methods considered, this problem does not arise as each

reading is considered to be an independent piece of information which will

be factored into the computational technique. This situation arises dtw

to tracker configurations which appear to be the most favorable at this time:

I) For the automatic mode, a narrow angle optical tracker located

on the inner gimbal of the inertial platform _rlll serve the dual

function of star and earth or moon tracking° The platform will

be aligned to an inertial reference coordinate system using the

tracker in the star tracking mode° The tracker will then be

employed to sight on the edge of the earth disc or 1-n_ma_ks, the

angle _adout between the tracker and the inertial platform yielding

the dJ.rection cosines of the tracker line sight _th respect to the



J

inertial coordinate system° To obtain local vertical or rmnge,

three such readings are required°

2) For the manual mode of operation, the simplest and most reliable

system will utilize a sextant for ms_ superimposing the image

of a star on a landmark° Local vertical and range is obteined

fr_n six sach readings which must be updated°

A mathematical study of occultation techniques is being performed at The

Martin Cc_pany I'Refo i) but an error analysis has not been cc_pletedo The

general method of employing six independent pieces of measured data to

determine a trajectory is being studied by the Arma Division of the American

Bosch Arma Corporation@ Although these methods may prove more amenable to

the mechanization and computational techniques of the vehicle contained

guidance system, it will require further analysis involving machine runs to

obtain an error analysis and determine the _.oothing and weighting techniques°

In order to obtain a preliminary error analysis so as to determine the

order of accuracy that can be expected, the more conventional techniques were

ccnsideredo The method of explicitly determining the trajectory involves the

measurement of range from the vehicle to the geocenter and the local geo-

centric vertical at three discrete points along the trajectory IRef. 2). The

local geocentric vertical is obtained frum measurements of the earth disc

included angle or by from landmark measurements° Range can be obtained from

this lair method or by triangulation techniques with respect to the lccal

geocentric and selenocentric verticals°



Measurement Techniques

io Included Angle and Landmarks

With a knowledge of the geophysical properties of the earth and

measurement of a minimum of three lines from the vehicle to the rim of the

earth disc _.th respect to an inertial frame of reference, the local

vertical and range can be com_utedo For simplicity, considering the co-

planar case and a spherical earth, the conventions are indicated in Fig° 1

where

0

_, G"_ _ are the radius of the earth

f is the range.

Two classes of errors will be considered:

are the measured angles with respect to an inertial reference

is the local geocentric vertical _rlth respect to an inertial reference

i) Errors which affect the accuracy of the angleS and are considered to

be variant with range to the earth. This will include such errors as

due to optics, pickoffs, variations in the physical dimensi_s of the

tracker due to temperature variations, etco

2) Errors which affect the assumed model of the earth. This will include

the effect of the earth's atmosphere, uncertainties in the contour

of the earth_ uncertainties In the coordinates of landmarks, etco

=Are , theAssuming that the errors _4 = _ ='_:_ aud_,

range and local vertical error partials are:

! _- _ /~

1.!.) /_ E- _ f-= Oo7O_7_ ; _ = o°7o7

2) _%)" = 0o7o7_.L ; _' -- 0>707

q



These error coefficients are presented in Figs° 2 and 3 as a function of

range to the earth. The _ncluded angle technique can be considered as

a special case of the landmark method where the landmarks are located

near the edge of the earth disc_ As the available landmark are located

closer to the local geocentric vertical, the local vertical accuracy

improves for a given lan-dmark accuracy sad the range error deteriorates°

The accuracy of the 1_nam_k_ however, will be g?_ater thou that of the

rim of the earth disc_ Two con_tt._,onswere selected and are sh.own in

Figs@ 4 and 5o For the included angle method where the rim of the earth

disc is tracked, the uncertainty in radiu_ _ _ } is taken at IA%_and an

angle error (_) is lO arc seconds_ For measurements em_loylng earth

landms_ks, the landmark error {Z_r_ ) was t_ken at 0°2 NM and an angle error

2o Trlaugulation

Utilizing the _revloua techniques, the local geocentric and

selenocemtrlc verticals are determined. The angle between the llne

of sight to the geocenter and _he llne. of sight to each of two stm._

determines the direction of the local geocentric vertical in spa_eo

Sim!la._.ly_the angle between _ llne of sight to the selenoeenter and

the lines of sight to two stars det_zLues the direction of the local

selenoeentric vertical in space° The vehicle lies at the Intersectlon

of the two v_rticals_ Th_ _,s between these lln_e of sight,

with t_ moon's ephem_rls, ful]_ sl_ecify the v_hicle 9ositiono

errors ar_ a ftmction of the charaeterlgties of the traJectory_

s_clfle trajectory, maehlme ruus at Arm_ _ete_d the total position

'-<_-" _f_ 5)° _V-i_ is Indicated in Fig° 6o The increase in error in

the tranzlunar trajectory in the vicinity 25,0_t _amt mi range from _he

earth is gum_ to the a_roa-_h of the v_hlele to the earth-moon line:o The

_duced in_.rease in error during_.,the trawsea._th p_ticu of th_ trajectory

Pogltlcn

For, a



is a function of the particuls_r- traJ_o%at_j" consideredo In general, the latter

must be considered a8 highly _cmservative as trausearth trajectories which are

_Lrror images of the tram_lumar cas_ i3 close to th_ a_tv_l situation to be

expected° The ma_tu_ and sh_ of the- error curve, being a fu_1_tion of the

relative location of th_ _hiel_, earth au._.moon, will cha_ somewhat for

different trajectories°

Cauaidering the trauslumar portiom of Fig° 6 _._ b_ing a_plicable

to transe_._th, the Incl_d angle or iamdmark method of d_termi_ range is

more a__curate than the_ tria_gulatlon m_thod for earth rauges less than 40,000

naut mio

Tra_etory Error Amal_Is

This _thod of explicitly determining the vehicle trajeot_ involves

th_ m_asu_=Lents of range fr_ the. vehicle to the _eocenter amd the lo_al g@o_entrie

vertimal at three discreet points alond the trajectory (Refo 2_ o _ probl._

wa_ _du_ to that of a coplam_ limited two-body came which aau be .ve_resented

by:

P

r = _-'÷' e cosCu- 6F

wh_

r = ram@e from the vehlcl_ to the geoccnter

= lonal _eo._entri,. v_.-rtical with r_spect to an inertial _._fe.._v..m_.e

P = s_latus re_.t_

= e_eentrl_Ity

= a_ b_ the m_Jor a_i_ of tk_: ellipse axe_ an inertia/ _:_.*_.z_.n_e

This is shown in Fig° 7o Th_ trajectory eo_id_zed, ha_ an e_.-_e_.tri_i_y of

6°9725 aud a se_i-latus rectu__, of 0_4100 x 108 ft_- _ error p_tia_s a_._,

given in Table Io AltJaough the actual condition_ d_ate from th_ li_Ite_



two-bo_y assumption at. long ranges from the e_vth, it rapi_iy converges

to the limited two-body case as the v_hicle approaches the ea.r_-_ho The

error in neg_otin@ th_ effect of earth oblateness an the gravity field

was foum_ to be 2 naut. mi when the trajectory lies in the equitorial plane

and 0o4 naut mi at _5 _ fr_ the equatorial pl_o

The. results of the analysis a_ tabulated in Table Ii_ For

ra_s less tha_ 45,O_0 naut _ll, it was assm_ed that the landmark an_ included

a_ m_.tho_ would b, _Sedo For case III where range exceeds 45,000 naut r_i,

range was obtained using the triaug_l_tlon m_thOdSo The effect of _e was

small as cc_ared, to _p _I was i_n_redo _ P approxlmates the re-entry

corri_oro The error partial DP/D_ redu_eE, as the vehicle approaches the

earth° The spacing between the three points along the traJectorT is critical

as indicated by cases IV au_ V where the ratio between the first and last

reading was chan_d _ 3/i to &/l and 2/1o A decrease in this spacing,

as might be e.xpeeted, in_reases the magnitude of the error _avtialso

Consider_ug cases I and YI far the. Dr aucl

considered, the re-entry corridor (Dp) will be:

D _ errors previously

Case _Pfor Dr = 1 NIVI_ D2 = I0 8_c._ec DPfor Ar = 0o2 NT_

D£ =4arc_ec

14o 8 run (_ sigma_ _ or 440 4 nm (3 sigma)

290 6 nm (1 sigma) or 88° 8 nm (3 sigma}

I

II

3o 5 nm (1. s_gma_ or 10._ 5
am ( (3 s_gma_
9o 9 nm (1 s_.gma_ or 29_ 7

nm (S s_gma)

Smoo_hLu_

The above I s_gma errors are: based on single sets of read_gs from

the tra¢0_.ers a_ each of the three positions al_ong the _.rajectoryo By taking r_

readings at each measurement pos_t_on_ and usu_.g all measurements Lu

the computations, the error can be reduced by om provided that a sufficiently

large sample is obtained and _he errors ar-,_ random and no_ biases° By

taking mudtipl_ readtngs_ the error can be reduced until the rema._hug error

becomes predom_.nate_y b_aso Beyond _ha_ point ther_ _s nothing to be



by ob:_a!ning additionz! data° Much of the equipment biases can be removed

by in-flight calibralion0 The geophysical errors (landmarks and characteristics

of the, rim of the earth dLqc_ will require further investiga_,ion to determine

the portion of this value t.ha_:: is bias and random, Lu general file trajectory

error can be reduced by smoothing techniques involving mt0tiple readh__gs:

the exact amount, being a function of the distribution of random and bias errors°

The increase in spacing between the three _rajec_or_ _ positions will also serve

to reduce _he error_ By using past data updated and weigb!ed £o a: :coun_ for

any intervening mtdcourse corrections that may be applie<i to _he vehtcie_

the trajectory can be more accurately" computed based on _onger intervals

between trajectory positions° Further work w_JJ be required 1:o d_erm_ne

optimum smoothtng_ weighting and prediction techn_queso

I_EFERENCES

2o

o

Mar_h__ £n%ern_]. XDC on Occultation Techntques_

"An Exploratory S_a*Astica! Analysis of a Planet Approach-Phase Guidance
Scheme Using Angular Measurements with Significant Error° '_

by Ao Lo Fr_edlander and Do Po Harry I_ NASA TN D-4"/1 did September
1960o

"Error Analysis for an Optical Position Fix in_the Apollo Vehicle" A_ma

Divlsion of American Bosh Arma Corporation

Technical Report dtd February 1961o
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TABLE ii

Cass

i]

ill

rv

V

o,m _-

" ! (ran?

15,000

45_000

135_000

45,_000

45_000

r2 (_m;_

8_ 660

25 980

c7,,900

31,.820

22,,500

r3 (nm_

5_ 000

15,.000

45_ 000

22... 500

II,,250

r I/r 3

3

3

3

2

4

13:6

18_5

15,,3

45:0

11.0

1-05

4°60

11o2

14:,5

2_22

IC)



_mjo,,,
I

/
/

,/

/i / /

_ 4),,,./,



T_-a-

:_tga:h:;t- ---;

" 'W; ;I

4rdtt

_ N

ii__'-___
_ ....

.t4*d

,r7 .

..... "'>!

''v; rt_'m

!!_!!<mp,;_

.,li.tXl_. _;!i

• : ._[ .}'t:

£ il_:::Ir;_, _:::

_ :.::::IPX !12J

a =. M._ :m

,........ _#-ir

%1-1 -" L.'_! L: : ;

_ ...._.i__.,

. :-'4_ ;:]:

_L: _ ::..,:;:_

71-:; F_T" :;'IZ

_!i-:2

:m

i>

r ;-t=! ._,

_i _ii: ,:::1_'_;.

_!_ i!!:: !i!-,f:;ii

-" .i;

:::" :::: ::-'i'_

....... _iitl "" .... "" *'*:_ fix *'_; "':_ _ii_ _'_'

;",-_ii_,::.-._ ;_I._I;::I;!_-:-7::;__= ....i_;_._-...._'+
-;_ii_'_'-"m _-._'.- " ""_...._..........."=

....................._!_!_Ii_............':__:"!_!;_i!_i!il_---_

" _t_-:_!......_j_............................__:"=i_!!.....<:_; @' -':2:";_ :': _ ...._;=_"_;.n:' "::"-_'

.... I_Z :::: .........................

_ _ :.--:ii_l_4....

= --_"__@_-I_ -":=_;::_;_ _ :;_'>;:_T__":

.. "'÷' ll::] .;.al

::::i{i'-ti_::l::_iii{i{i4_:i_.:_:411!-:!-: fiiil_r_

:::_ ;.::: .:::! _'.:: _: ..... .

;ii_ _ i!ii[::ii:.liii! :::: .... :::: ::::!::: 'Yi: - "" "

!:.a_-::f!ili!ii___t_i iv:,;:ii]t_;'= ..........
.....i)i!,........ i-:,it

Fli_l_ E ,1.,



m

e
_s



TM °_

_a
u!



z_

• i



{,}

l
i

m;

ii
.z

"_tJ
t> z

U_ ._

J_,))

i Ow

x_

0

/

h.



_t', rw1"TT _ I_ r%_ _ _

Tec_uulca_ M_u_r_u_ 2-A

!_ -_-_ch 1961

Eo L_fferts



The moon_ving thoroughspace ev_ntualiy passes between an

observer (on a vehicle) and so_ start. Thus the moon occludes the

light from these stars. Star occultation is the basis for an onboard

technique to promlde an observer _Ith _he required information to de-

tezm_ne the parameters of his orhit_

From each oc_alta%Ion one obtains the surface of a cylinder _&th

a _own orientation in spacG. Six such occultatd.ons are sufficient to

determine the orbit. If one deterreD_nee_ere the surface of the moon

occultation takes place, then the cy_5.nder may be replaced by a half

lineo Three such occultations are %hen all that is required since from

each observation the direction cosine_ of the half line are determined.

In terms of ins_entation, occultation is an extremely simple

systam_ One requires an accurate clock _nd if one _._shes to determim,e

where occultation takes place, a telescope with rotating cross-hairs is

required° One cross hair is alined _._th a pair of lunar landmarks

w_le the other is aligned with a landmark and the point on the rim

where the star is occulted. The anglc between these lines, the time of

occultation, and kn_;ledge of the star occulted gives all the required

information o

The determination of the orbit from this data is based on %.he fact

that the moving bodies must satisfy beth geometrical and d_namical condi-

tions° To sho_.;.how these ccnditionc _re applied, a mehhod of orbit de-

termination _ill be outlined, it w'_.'-be assumed that _ time measure-

ments are corrected due to the finite velocity of light _hich causes the

apparent occultation to take place at a later time_



i

Let V be the ve_hicl_ rotating about the earth E and observing

the moon Mo We define the following coordinates:

Let

)_i_i Zr be the coordinates of V with respect to M

x_ y: z be t_e coordinates of V _th respect to E

X, Y, Z be _le coordinates of M _th respect to E

/_ be hhe aAutance from M to V

r be the distance from E to V

R be the distance from E to M

Let _ i_/ Zf- be the direction cosines of the line from M to F° These

direction cosines are _mo_m at the times _, t2, t3 _hich correspond to

the times of occultation° Then we have:

V

and

x

Y

z

=Ph -z

/_2/" -Z

_here /_ is unkno_m

We no_-1apply the geometric prcperty that the v_ctors f.rom E to V

at the times of occultation ,_st be in a plane. This is equivalaut to

requlring that the determinant

x2 x3

YZ Y2 Y3

zI z 2 z3

= 0



• """ =3)

,_v '_ -_ "_ - . _ •

_'_'] - E2y 2 ": B3}"_ = 0

f27, _-:b::,vc equa_ons becor,:e

l:.... " /: A2 ' " "_ _P ' _ A2": A_X__ I"_I_ ' _'_ ;_! _'_ _...___ 2. •" , ',' ' _ - - .L, _ 2 .., _,

SlY1 _2 :-2 * ,-'" -

_,'_enow _:.=,.,.. urs of the C",-nc_i.c



Each component of the vector from _ to V satisfies the equation

•_ k2x

X = -_

If the transformation t = k

rewrittan

is made then the above may be

x 8_ = -_ = -u.x vha._ u - !/x2

The solution of this equation may be expanded in a t_,lor series to give

_!

The terms xv _ Xo_, ... , xon rosy be eliminated since

XO8_ _ . Uo_ O

=o" - - _o=o- -o_

_'_ = - c_- _J)_o- _o=o"

Thus

l

J

0
OIO 2

The derivatives of uo may be eliminated by the definitions



r2p

r_

i d(r2) = _:_ ÷ _;;, + z_l

2 d

I d2(r2_ zt2 2_ ) _ __2 ÷ y_,2 + - r u
2 d _ --

then

u = -" 3uP

_-  .2p

Q_ = -uP - 2PQ

In ter;,-_of those qumntit&es the -axprezsio'_ for f and g can be _critt_

i UcPo_3 + i . 15UoPo2 +

UoFo3 2_ _5 ." 3%POQO - Uo _oJ" °'"

- - u * * ---- (_,b% - + %2)_" 5
6 _ %Po z2o

if _- is pic'_.:edto correspond to the second observation then

÷ oe.._

.-. = _ur.2 + gii2
zI = f!z2 + g!z2

z3 = f3z2 * g3z2

A! Y2s3 -- z2_"3

' . r, _ B2flg3 ,-, . ,_I _ C2

0>



f-_g_ _i_3 B2

_'_ c_u,z<_.onsin ,th_four un}mc_n_ and
t

g_=_,_ua_ fi a/idgi_ We noi_ append _i &ddltlorml

geome_,._c con_ition_ :_ _n.e law of _sznes at _he soz._nd observation.

The quantities fl: f3 _ g_:_ g_.,are a,_mro_f_m_ted_,by %Lnefirst f.m:

tez_ in hhe series s_nc;thc above __tam is solved to _ve appr_mat_

v ues of

of r at _

fl_ f3' gl' g3 °

= _2 c_n be obtained, or %l_e %_hr¢6 posi_ons rl. r2_ r3 can be obt_ned

thus _YA&b]_4_ determ&_tion of the parameters of t_e crbito

[-_ _ ri: r2_ r_.2 The _elrst _-ndsecond _c_-ivatives

can now be found emabling one to improvo on the values

Iterating in this _,m_mer the position studveloc_Lty at
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APOLLO ELEOTr_I_] p0kTER SYSTEM

5 II*,_I T.',_5

Load Analysis

The kno_ power requirements for the Apollo mission are depicted

in a sequential manner in the follow,ins four charts (Figures i_ 2_

and 4) in "Source Watts" that are averaged over a one minute minimum

period_ Instantaneous peaks are no_: shown_ but are averaged to form

blocks of energy,, Peak demands of very small time duration_ such as

Abort Tower separation and Mission Module separation have not been

included°

Changes in load Lhave been considered to be caused by the inherent

automatic operation of equipment and manual switching by crew members

A generalized sun_.ary of the l,)ad charts indicates that power re

quirements near earth vary in ave_'a_e value between i_6 k_W and Io9 k_

while lunar phases require an average value of 2,,0 to 2_2 KW_ All

average values shown exclude a 10% Tese_e factor that will determine

the actual designed electrical system size,: Since the maximum demand

over any extended inte_-val is 2_2 I[W_ the designed system size will be

2 2 I(W + _22 KW or a minimum requirement of 2.-4 KW for lunar phases

of the missien_

Several events that occur and are not shewn on the load analysis

have been omitted because they are Tepeats of events a!resdy shown on

the charts° _2anar ejection_ for ex,_nple_ is not shown since it is a

repeat of lunar injaction_ from the electrical load viewpoint,

Distribution

A prelimina_-y schematic of a b_s system applicable to a solar

array APU electrical power system is _ho_n in Figure 5.

The basic philosophy requires a single bus (the Main D_C Bus) to

se_yice ail the e_sential loads of the vehicle and this bus shall have_
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and Reecv,=_r'_.' ,_a"'_e_..e.,_.__(sequentia!l$) if the Nain D-C B<_z vo_'•Tage

should dcop below., the required lin-i!:_ during the mission The

F:e:overy Lua becom£s the only essent:ial bus dul-.ing the _.._._v_,,...

per'iod t:_eref,ore_ all. other load_ _zre .r_moved autcmaticex:y to cot;

se..-ve :,-_e output power' of the two b,_tteries that w_ll furnish power

_t,_s pa::'iod6.uving "-- :

_,_:.sent:._:_ sub-_bus__s i_ay Frov£ ::o be desirabie in the fu'i:ure:

howe,,e?.- t:[_ ..?:ingle esse;._cial bu._ w•.th rai:_.'--1hoP. ¢-.ssentie.- .,:ub

buse._ is ;..6:i_::.ole a_d reiiab_-_ corf:.gurat_o--_

2,ii ez[_,te.ctors " " if- the _- _'_'"" _:i _'ia,_o_,_ be operated auto1[ C Lc..[[i_ _._l,. ..

ma-;:ica].l_ _ t,'_: T,.'ili _av_. _, c_._pab-i_t:' of bai_.g over riddz_-:,:-=.'_'-,u_.i.lv

The bus _-v,-_-_,_.,..,.__ ........oi _-"_._,"_',_ _ is ais¢ ,_ppl.icab).e to c,_h..:..._--. n:_, ,._

C o,l_.1-.c....'.?.[.,:4_-[_.>,

.LP.E t,-.,._:OZkOtn C,_ t:!'l-_ pC,;'_i _ S_, _ .ell '[O,_ ,., -: ,_-;'.',.t?.... +_ _ r ..... _,__._

may b_., ace _,,,_.'. Ls[',ed b',, an_..l.y;:ir,2- lh,: po_e_," c<.t_e_.---cn _,,:,,_ _'..... :, _:

_-'pprop_'i_t:_: "so each of: t::_._ t_._. be 4,, _,.iffb!: __.<:-?ioC: _-he s-,Z_'r-

orientu,U _,eri.oJ. and _he noT; _:, l_._-o:'ie._ted peri.od __o." _:_cLLcatie:,

.... ' ": >". 5 " f,[' -, _1 --'r "_": ..... ,_' _ , #" )

, r'l
d'-
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_-,.,< fuel consu_in Z syst¢:ms '_..da nuclear sFstem have been designed.

Pd_.:._t_d to the Apollo v,-_hicle and evaluated r The nuclear system

has bee_l -,-.lim::..uatedfzo._ fuz'thsr consideration for manned short°,

duration mis_-ic_,.s becauce of its e;:cesaive weight_ Fuel consuming

8ystems_ although independent of solar energy< w_re considered also

for the sun.,.ilt portions of some missions, For the non-solar oriented

portion of fii_ht_; fuel cel!s_, batteries and a,._{.iliary parser units

using cz-sTogenlc fuels have been eva!uated_ The best of the four

solar energy conve_sion methods was combined successively with each

of the three methods of obtaining power during the non_.solar oriented

period. In addition_, the continuous use of fuel cells hac been

evaluated_

When comparing the seven power systems potentially usable for

th,_ solar oriented period_ each was s-{zed (installed capacity) so as

to provide the #squired 2 KW of po_.rer for two weehs: The probability:

of availability of qualified equipment in time for the first earth

orbital, flight _'as also considez_d* The weight_ of each system in ,-

elude the necessary fairing to provide aerodynam{c protection to the

extendable portions of the power system which are stored internally

du._.inK the ieuneh phase, It will be noted from Figure 6 that the

aerodynamic fairing _ei_ht in some systems is an appreciable portion

of the total-." ": _ __,e_gn_ which emphasizes t#_ fact that comparative

syntem 8tudie_.-...mad:_ ir..d_;pen4ent of specific vehicle configurations

may be _,isle,.'-:din_a._. th_zefore_. }:_ot concluzive..

By revizwi_ Figure 6 it is apparen_ that the best of the solar

conversion systems is the .,o_.ar cell system _ is the lightest

!u additicnv ths solar ,,.:_i.l c,yctem baa. b_er: J.;_:us_:_,in space since

iogg._ ha_ no m_ving part_, is comparable in cost to the other solar

_..,,:,-_....•........... :.__:,:_._cn,, not _ffected by zero gravity



_p.'.-_l .... capaci;:,y is eas_-xy _xpaaded_ Of the r.uet cell systems_ the

Baco_':l_y_tem. appears _aost promising since it probably will be lighter

in weight_ _,ccupies a sm_ller vol..ume: is more fully developed_

operates at a high radiator temperatu.,.-e:: and should present no problem_

under zero gravity conditions

_'he integration of the po_;er _,ys',-£ms for the combined solar and

non solar eriented periods of the Apollo mission is shown in Figure 7.

The follo'_ir_g assumption8 were u3ed in the preparation of thi_

figure ,

LOAD LEVEL as per NLV report ERIi2&,SN

I,_-}£?,S .-moon at first quarter"

shade and non-,oriented periods as per revised

load analysis

(Figures ! to 4)

no tmans lunar shade periods

RED[_qDA_,_CY

Batteries 52K,

APU 100%

Solar Cells 20%

Fuel Ceils 505;

100%
(114 hrs- use)
(336 hrs use)

TOTAL WEIGHT includes part_ of the_

Electric Power _y_tem
Envirorn_.entai S_ stem

Prepu!sion System

When comparing the total weight_ for a 14,day mission (fuel cells

using main tarfl.-_s):,it will be obs£._w_d that the last three _-ystems

are appreciably !ighte? than the Bat cery_So!ar Cell system and are

app,_-o'_imareiy equal to each ether. The last th1_ee _ystems differ

relative to the distributicn of their total weight br_tween the two

modules Compared to the "Fuel C_.ils Only '_ system_, the Co_.mand



TM_3

Control Module would be 92 !b_ heavier for the Fuel Cell-Solar Cell

system and 60 ib_ heavier for the APU = Solar Cell system_ Relative

costs of a 23 vehicle program for each of the 4 systems are as

follows_

Battery_Solar Cell 49%
APU=Solar Cell I00_

Fuel Cell _ Solar Cell 71%

Fuel Cells Only 35%

................ _ ........... ..................
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Structural ,Disconnect Between Command and Z_ssion I_dules - A

Flexitallic gasket will also be utilized here and the above

comments on the Outside Door seal apply.

Door in Command.l-_ssion l_od.ule - will be sealed with a Flexitallic

gasket. While the outside door and structural disconnect

do not have to be resealed, the door in the Command Module

will be operated several times and therefore, extra gaskets

must be carried, To minimize gasket damage the gasket will

be located in the door. The above comments on the outside

door oeal also apply.

_indows - Current plans are to install glazing in accordance with

methods developed by Coming Glass Works under contract

AF_](600)_6852, _G Project 7-654 and to seal the glass to

the structare using Kovar £ metal bonded to the glass and

to the structure by a Narmco adhesive metal bond 302. Develop-

ment tests will be run in the future to determine adequacy

of sealing and other methods will also be investigated=

Cqolin_ Tubes and Radiator Connecting Tubing - will be spliced

through the pressure shell utilizing fittings fusion welded

to the ehello

Vent..__s- will use fittings fusion welded to the pressure shell.

_ectrical leads - may be passed through the pressure _hell by

fusing condu_¢ore into glass insulators which in turn are

fused to Kovar A metal base plates. These Kovar plates will

be bonded to the structure. Development tests will be required°

Mechanical links may be spliced in various ways as indicated in

Ref, 1 _ nd illustrated in Fig, 2. The types required for

development have not been determined as yet,



-

be har_!ied _ noted above.

Test /_og_'cL_s_e b_.ng deve!opad and _:&l! be i_le_t_d as the

v_ious designs are e_ived. After the variou_ detail tests have been

run, an s_nal,_is _Ii be _de of the composite leaE_e problem and a

_e_t V.no_rnm _Ii be established to in_ure o_erall vehicle co.nf_oe

tho requireme_s. Throt_hout _c desi_ .rid test developr_ut, the

fact_ that all itsms perfoz_tAng _e pressure shell _ be s_par_ted

from the co_nd mod_lo b_fore re-s_tr_ runs% be considered.
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Spacc Cabin Studios, _r'art_ i and II, Project .r,_OV_4-60_

!'_ar_in Cozpaoy_

i_aterials E_havior in High Vacuum_ ER ].144_.P_, 7-60,

Ma.-*tin Company,

Titan II Manhole Cover Seal Proo_1-am_ T-_I22-5_ !0-_0,

Martin Company,

Titan Ii M_nhole Cover Seal Prog!-am, TM 22-10_ 1-61:_

i_h_rtin Company

Investigatlon of High Streno_th Aluminum Alloy-s for Cooled

Spac_ Cabin Structures_ ADA-R-199-1_ 3-61: M__rtin Compamyo

Fig._ i

2

mm F!exitallic Seal Configuration

l.'.,echam_ic8_!Li_'s Thru Pressure Shell
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Heat Shield Summary
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........... _. :.._..,. !'F:'.NSVgR i_ET_..ODS

Thi_, toc_ict_! ue_o p._'cs_ts the mcthod_ of a_alysi_ and

results of the he_.t tra;sfer studies, Results on four config_.'.rationE

are presente4 for both ccnvect!ve a_d radiative distributions°

Neat Transfer An_:'_,.[_is

i introduction

_"':.nsobjective of the h¢_:t trar.sfez analysis was to provide

"'"" base h.2_. shield designs andth_ necessary ini'orr:r;:t_!ct:on _:n_,'h to _-=

...........s_ of the" nu-aber of vehicle ¢onfiguratlon_

_., _ " -" ="_ _ " in the . _b__n_ ._nx;_s__,ja_ea ea:2!_ "_ht,se c_ this progra_._ relativel,_"

S_.,._esiupie mcthodc for _ _w,- _ -:, _.....

the prizary objective of these e_:r.ky c ,-" _ ;'_

determine significant v;'_ight _ix::e..-ence_ b_tween ccnfigurat_e_s,, the

approximate natu:ce of the heating ._stimaticn procedure wa_ considered

_s_ifiedo

in the Zatter pnac'v of' t:_e program: when design stt-gie_

have been narrowed tc one or two configurations an6 greater accuracy

in the heatiDg e:rtima;;en is required_ the methods to be used viil be

selected ace ordingi_- _

r-_%1 " " " _- _-.,,._: .r.,4. -_ ,--_•_._ _rz.r:_ar-._,_ source of heating rate est_ma_;e_ vsa_ _;_.._. ...........

e:cpe_._..me;;<.s__impie prcve_ metho-_s _._¢r6:us;ed as much c._ _os_;:bi¢,

Finally., in .... rcg.io.t_ wh:.rc n__ " " " "''"" ...._'_

resu_.ts co_:l(' "c¢ ;._c_.:'._con, co___:, " ......... "-" h9%_: co: ""

.............................................





• . °

"_ef. 5)_. _<w,¢-,:er_. by d,:%,_:_:inin Z the distribu.'bien_ fo_.TM

::'a(i_.'_.::-.v_. [:[gtin_ e, _, the m:;:.:imun '_ .... "_'

_. c_n.-.-.,£?va_;ive di_tribi, t.!o:_ curve co,,'.!d be ckt_..!ne-£ a_ a

:es_l'i; off the no-_.lineari<:v_

z'adla%ive and convective heatin U r-a[.e esi;imetes_ T[:£

.........-_': _' of equilibrium f.n the b.oL_d_Ly _ .....-. is - '"

o.-'_rticr.'Le:'i[."_,'"_--._a] siz:c{, the .,'esu]_÷';_,_ hea-tir._," ,_-c.:te_

will be a!_¢ost the same fo. "r" equilffbrit_: or __cc_hin_.tien

-'--%,,h_ wall ??o_ the ca::e o _ non-euuilib_iu_ _:'2.,,h_'he

.... 5_,c.,,-ah:c.) ass'_..ptioz: ,,_ no recombina%io;.> at the " _'"

the -_ss"_::Lptic._ leads _o ¢:o:..ssrvative ...... _'-

The cssump%ion of equ:.!ibi'iu_ behind %he nho_h wave

ca..-i .... tionc ,foz _ rc..dietive heatin:3 '_ ,_ is on _:,_ _"_" _ -"

very cri_::L¢_;.!o The CligLt conC.i%iou_ fo_ which no:._-

e.,._,cct= beeo_;e ": "_ "-'_" in :"" 'e,.lui!ibziu= _--o_ -

"_:_'_e "-_-_,,-._'' _'" a :-_ " _.'h!_

thnL ;:o'=-cq'.:._!ibriu_. conCi_ f.ons _miS":-; 1%gs_=m};!_ occ-u- c:_,,:

•51-_.,}ect.er::.e;; m. - ,. _ .._.;_<ca._<.r.;i6...... _;.,_e 2r_ s._ ll'h St_;..-" Of ;:O:IL- "' "

..... .L.._t _.,...... .,_ .... _. Dc_sC_ %<.e..3u:'_i:-l.'"iu;-: -";"""; .... . i.( .... t )'e _ "L',';.t e,'a"_U.;..':.¢



arouna the corn£r of -'_:_,- ....." ,"

the; .......... _,_-..q_..L_____l,,,. f!ow behind the she{4.< ,.4ave_t:_..OC,.- _:,_'_ ..... "' -,: " :" -,4_ .-

The effect_ of -_onizatio: on convective heati_ E hr_6. not

Z-,ct he_.n __,.__.:,._,_ J.nvc_tIc&ted and ha8 therefore bee.-,

•, ,_ .t.tk

_' Tbc t:im_ vaz'i_:tic_ of th-.: ref'._.renee staEnation p_int

hen:ring rate was based on fixed range reentrg" and consistant

"':_,_"__.cont.-,o! technique_ These two factors are very

....J__t_._ in obtaining consistent comparisons between

v-_hicles_

5_ in areas of the vehicle where only specific _nd tuune!

te_ts can give reLiabLe heating values_ it _'az acsuzed _" _

this study that consi_;tunt ass_.mptions between _e,._cle__

would be used in orde: _ not to jeopardize a_O- vehicle in

the evaluation_ Exam,s}los of such areas are the base and

aftez'bedy separated flow reEions and the control _uzface,.

_eatin_ Distributions For The L-2-_

The convective heating rat_ distribution for the L-2--C at 90 °

angle of attack _ras estimated from the experimental data on a nearly

_*'_-_ chape of Ref h and is shc'_:n in Fi&'_ 3 in order to establish

the r_a&mltude of the distribution with respect to the re£erence he_isphere

(R = _..4 ft.) -_ta.gnation _oint he_t_'ng rate_ a correlation of _tagnat_.oz

point v_-,'_.._,,_-,-'.._-,_gradients develope_ in R_:fo 5 was used° A_s_m__.£. that

the stagnation point i_eating :._ati( between a sphere nnd a blunt shape

!'_'_:ethc L-2-C is propoFticnaZ to tLe square root of the stagnation

point v_J.ocity gradi_u:.t_ then a q/'q of 0,55 is obtair,_edo Thi_ value

has b-_en use& to fix the love.',,of the distribution aho_.._ in _ig- _,

At ang!e_ of a_tack !_s_ :has o_,_: the stasnatio_- _c_.n_- _..c:,c'_

..... o_ _-ce_.,;e_The he-tin Z rates at th_: _ _+

J



_ :.;.;_:,',:"_'_n"_,;_,'._ 6,:

c'_ ::. t.O'_.,.LC _;:,"CZli:t'.'.-_

TF ......_......................

- - L_ !"S ..

, , F. ¸

/ _ "'rOf "
#

,i + "Rsr'-_l

:C "'_e'
" _=_ i

2 .,!

:2he %o_:'e:.,:_v_ hc:.t:L'_:.E:at J::: con%or 05 the blunt surface ai?

a:?f,'leof x........ c_ by-_..:....:; w:'.s _:L:_:._e_ , thr,_e :epnrate tech_iq:,e: since no

d"_'e_:_v__,,._:"_p..._.c=,_-"-_'__e e::p:._'i_cnt:,i data' )r theol_etica], so,_u":--'_on:_Tere

a'ai!:-:l;,!c ::t these iar;:c a::q.!es 9_ att_,c__'-

'::_-":_c'_ -ecii::!.e',e used the "c..-'oss :mow" a, _,o_:ma_-,o_ of

_,.n"_-_-"_,z-_'__ef_ l,. '_':_..o.__...._.-_'_'_;_,__has :_n _:pplied tc hLu:.it del_.__,wi:_g'a

a!'.hi_.h - " - _ " "a,:_:.cs of :.:t%-uch wi{;h :Fpare::t success The assuu:_.t_ou _.c :_,&de

_a_ the he:_:tn_ ",-ate a_ the center of the !ocal spa_,:,:-;aese_ent i_ th._

s:..r,:eas that e% t:.e _--taC,r-at_o:: point o:? a fiat faced dish "_:_%h the same

....c in a flow field equa:L t_ %he nor_ia'_' c.on:pcneni- of th(

actua] flow a¢ the angle of attack° T.:is method appile< to th_ L_,.2-,C

g_.ves the pel_nts indicated in Fig° 3 a:_ the ;'cross-flow method"°

The s,:cozd metho_ considered employed .,_c!uert_z r_ference

e;:thalpy mc,thcd at talC:ioc&.! f].ot."cond:.tiens found by isentropicallz?

e-:oa::dung ths flow fro_ the staznation conditions to the local cor_dat"-czs

dc termined by the Newtoni_.: _resT:,:.e distribution, This c&iculai:_-_ was

dcne for _he 50 ° -"-'_. of ......_-_b.... a_ac.:, case, ;.nd is also sho_-,% i.n Fig= _o

__ last me ._ co:;sJ.g.ez'ed w:,_ the c_p_,cat, ioz of the _,'esull;_.

of a E=-,np:_e_='-" v "_ran___r_.--_!o._"¢-.t- _:" ;_ to a ]:no:_. three dimensicna::, so!u.tlon 41_

o::_::,:inthe two din,ensionol seir.t:-on a.pbro:aimatin _ ?i:e prcsent '_-C ..... .-_

To do thzs, "_he cent • "_';.... " "'e.....:_e cross sec _,;u of the ,",_< _,_=c...I._...g ..... tion at t_c auG., £-

of nttack of " :" _" _,..'as .._.:.n,..e.re_:. c1?tai.r:s6, T::i:; cz_c.... section _"as co:i:_:iEer-ec:_,



_-" .... _-'; .......... _"_ :"_ ..... _ on "_" "' t;.'_:t thc 7:,c_Z heat'.:.ig z'ctc c_', be:

"" _" .... ... -_h',.'- diatc ..... : ........0o,%_;.._._o_ _l-c,," ;'_ o'...." cc,___ "', ......... ,.. ; _. : _:': .:t. .;=_ ..._ : -c_L-,[f tha _o:' ._.'_ "_,:

_l'b..' 3_5_.-£. 8.2 ,.._e ......... ,... .....................

....... :=_-_" _ "L -i;:,._.. :':-,'.?Lz.J.t_ [_:u _.-_',::r :..t ,_!.,_c "local" d_.ns-i ;. :.' _...::.=...... ,



b '_ 'D< _E_ _; "_ _'_ _ " .......• _u_- ...... assuu_ption :.s ,'iuc_ '.f....._ by the rapid de-rease in

:.p.di__tien re'oived at a point on th_ )ody for fiov: elements mot in the

-_'.!zme(_.iatevi.,_i_ity of the po._.zt_ Thi_ decrease is due to the decrease

of radi_,ti,oz i_:tcnslty with both th_ 3qu;:_ro of the distance and the

c_-zi_:e of tie incidence a_z:ie,.

_z.e static temperature dlztribution through the gas laIer

___icng a perpendicmiar to t_e surface drop_ from the value at the wall

to the value immediatc.,:.v behind the ahock wave, The effect of using

tht: _'cn/itlor_ beLind the shock and _ t the wall in the radia:;Ive heatin_

mate ca3culation are sho_, in Figure 4o The radiation intenalty curves

__'e_: Refo 3 have been ujed and are s_owm in Figure 5° Near the sta_n:,-tion

:'e_ion_ the rye esti_._.tes ai'o Dearly equal but as the distance from the

staEtat::.on point incr_.ases the tv:o e_timates dJ._¢rge rapidi/_ This is

duo almost entiz,-.,__.yto the rapid _¢c_,ease i_ te,_p_rature behind the

_hoc[= w_-_vu _.,_the _hcc_: _.:ave becoz_ _eaker aro'_n4 the bod,_-,. The

tcrape_-a,'.;u_-eof the g.as at the body_ _,I*the ether hand- obtained f._om _he

ksentropic expansion from the _;tsg__,a<:ion point, remain, s high°

The r-adi_tive heating rate distributions based on the _hoek

'_.:avet_._er_.ture have bee,_ used fox" ;_!! configuration heat shield

._,_ti_ate_ tc date° Calculations to obtain the temperatuz-e prcfile

across .;he _hock l_,.yer fo_ _ use in th,: radiation heating calculations

are pre:_ent!r under_._yo Those resul;s _._iil be use_ _.to improve th_

r.ndJ_tive heatin_ distributioa est.".n_te_

Part of :;he prosedure iz_ o_tainin Z these _i_tributJof_:-." involves

c&;ti_=t!n S th_ shoe'< v;-_ve shape: an:_ Locah:.e_:_,_ Thi6 e.=t::,.Late;'_:=based

o.n the __'(,'thodof ![aatar!_ Eel, ].O_ f)r the az:.s!e of a'tta_h z_j!.cn in

" " _ regl '_:hieh it _zac api_licableo ._c-yo_id _'_i_ a_p_-cal?_e on ti_¢ :;,_:.ec_wav_:

envelopes _;ere e_ti,=;ni_d u_ the ha,bin of _xperimenta! dat(: _ho',_a_i_



_.,..._'_.,L_.._;.O}!.Z _t, -_ _. ,.,_,

. """2 .......";"" " r :[.;=:"ij, _ _q_,_es._;entiai! -" a

on the up._._c.cc,_::__c_:._su.',':[accwere ob_a_i_ec i'roui the Lees d=str_._ut_o_._

Rc5_ 2_ u;:t±l tn_ co:_ica.! surface wac "shadr¢,ed" from the flow, For

hizhe P ...... _._e5 of at'[:6¢k the upper su:'f_:ce hcatiug rate entimat(,_ weFe

b6'.&:edon tL_, c:.::_rlyacnta_, d_ _=. -:___the " eew3rd side of de!t_, wings

r,_-ese_:.:,zd_.. . _,y,....Le_tra= -_.nY:cf _ I,

E:h::delta _l;Ln_i"da!& of B,. ,r..,_t:a_ .... _"

l:_wer _',"_....e ne_t:::.ng distr_.buticns a;: ...,:__

t}i¢ _ W-I is. vc::/ ai.::;12az* to the winL.'_ which _;e_e "Zeate'/_ The _-hg_.,¢ ¢;f '[.b¢.

_=_::%'es of. Fi E..,5A was ta?uen _rom"- Rcf [[5_ata but adJustscn'c, o_ the

......_- _-__th that oc F£go _ A_:'r:,_;t_,d_ ,_'._ :?eqdi'2_d to co_relabe =h,_c u¢._,_

Z;: ........ _- ,,.. _,q .... ?I-D.S llpO_l tO (_¢JrlXre _': "" "'"-".-.._ o e

s:._:.'::.c '-'c; Sakel; <'tom P.cf, !_ data but- a,_c'i_, the magn.i.tudcc_ were

:""_": _# to cerz-el[-te Fig, 6E, "-" .... " oa,., ........ _.z,,,._ :-':._s 6 and 6A_.

r,_"hc c:outro! _,_.-.-_,._._".... ,- an,'.i_ t:le base be_t_..:i_" rates '_;ere e._ai_

/
z_..._.....ec ......a manr_.er :::',;r_:i_tentv;ith or-_viouslv mentione_ a6sur_otio_ [_;!--

• ., ....o for obta-nin 6' pPc2.i_nar/Tn¢ a_Eu_,:_.i w:.:.uc.c, o£ heatlnr- rate .....

'.:cz_h'_s :;£_ "[:}!eco az'e__s a_'c, :hotvr_, ill _" . " . ,.,_ _.i5_ t it i6 t_.u,: tha't ",he fla,:

confi_uz'ation c,f this voi:ic].a.: and th_ _:i--'.-it;_ be d_.c .... e :_ext. ere

c=:Lt::iiarto tbc_:e for _,_'hichheatinc, d:.,.tr._;(:.reobtaiued for the _l-! sh_,De,

""_.---_ F._w,;=:,_],e'_"_ "'_" - i ...... _:" ....... t ........ m_nt of the h_-"-,;'--_'v

::.'_e._,_ d.:-_'_ " " would tbi_ _ata._ _.'.L :Z_:

Reynolds ?h-mUter c'coend_.ut ,''_ ..ry Ci'[c_cu__t tc _....r_ol_e tc cjher
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CC.' .'.I_L&I- , ,.dLC,--. i'_"_L, d:_Lu. _]-.E LO'_ _._,_C_. in the p_e:_emt est_mtes.

r/ti,:%.2,'-do-]._.r}b._C: 2._ tz,.-3_..--__--.......cucg>c:n usi::C the shoch wave temp_rat'are

The sv.an_ o=:. dis_a:_ce was cbta.-'..ned_r:m HayeE czpres_icm (Ref._ 14)_

.. ', C i-<.

t,:Le:"o !_ is _he :_o_m_l chock density z'ai£oo

The _"'" _ ..... "i_r ............__,t_ca__.,._^e._-_-:-_': hee t::_g di_trlbutlo_'" :.s a result ¢,f

t.,,.<7c .... _.. o :in _-}',,_ ca!cu'!ations, This :-csult :,s b,'zinsu.:_.:_. she _hc< :.': "-_: .... ' '-."

_e::--c.2,ucted at, "b_,c_ pre_ent t:}.:uc ....'-'a d,.t_z'ainins the e!.c,._ of using:, the

' " -_....> layer " ,.,,-_ ,. ,- *. 4 .,'" m_esc:.:_:o_ec. :-,,_ .... _empe_,.._t[, e sis _ _.b_:_lo,:

7,_ ",_''..,.._... D_.strlbution for the P'.,-!--i

All o'.:'the %cchniaues d.isct:sced fDr the %';-I Leati_%g ....s_iDu_ic,,,

est':_maces are applic_bie _ the h-l-,], The radla.t'_,_ =- heating , *

a-_t,ribu_ion xs the same as chat shm,n in _4E, 6, The : ..... :.,'-heating

._7__;[LS__j./__'-.._t_ ";.by:t::.cn _'o:_ Tha L-1

The L-I shape ,,.,'asdeveloped _t the NASA --T._n_lev_.,, E_.se&rch Center"

h,-'at_nga::.,: ..... _-" b'_en ',;c:_cd the!'c,, _ef, ]5_, Tie experi£,:ental

- - ....... _ ..... n_. ob._a-nc,1 on a _odified _::az, e bul. t *_- data ,.._as_.;.-: Lt r...;a,_,.: .a ',.)..,,.. 2.0 ....,_ tleTe e_, ,_ .:_

e-::--'''" _..d_.':;bed. "_,o t _*= m _-I 't,:_. ,_:_ The resuit_ are shown iv, "'_e.i,- c

The i-v,d:Lst.ive di__.','_utions _ere oo_a_.n-e .... man: ez

C_., :.,..I _ ,; .... ;_z ..... tl .... ;t,_...u_ &X'e _ 014_) .....

..... -- . . •............. .............................. - .........



_V

_.....................-i_'.o_',- -_ __,.._._i_._................_-.e Lc_7..-.:_u' _'_c_

f.s an __.___']...."=tr_:,ic__" cf "_:_:"time :'a_<Latic-_." of the :.:'cfc_.'c.ncc

........_ ..... _i_.i_o_C:. _.a_. _CeZ _-_ "_ """

p_......-,:_:i-._ -.-ev::cu2iv tl.ere is avi'.'ici_yt -,.nformr.-.tioncz w'::icn _o

base ll,reii_:._nu.ry he.-'-':sh:.cld est!._u_%es_

....g_.....12 is an L-2-C cv,,rshcot ......":rs" _,si_g "roll

cont'r=i" to a'J]u_.h the vertica! conponent of ].:i.ft_.:J.thcha'_.['--.nS

dz-_6, F._,. -_=;:LS a 60 n,mi currl.dor ,"":,,'_-'_,...." ' ,.h,.

L-.._-._ In }o_h "i.gures,: _he varia_;ion of the refer_ncc val_,cs c,_.

qc an- qI_ are give_.

-:i._ures !L and !5 ia the _,a.me inforz_r-tic: ",_cr the L"-o}--1

vehicle =

'f_'-.em._1;hod_ _sed tc ob;a:i.n the _,e,_,,,___._

hcmt.!ng ..........."_-"_rm_ti.c_ for u_e :,int]_e p__'elimi:_,_=_,'.hec_. _,'"_n.e!c"._pvi:,!-

zut±on ......:" " . ' " "e',.,._..e.'::h.'-c:h,een nre_cntedo [fhe ,_'e_o_s which h_.ve bezn

ze!ected me_% the t_..;cprimar:_" ob2e,.:tive_;

i) Tc _er;z-].i study of a number cf conliEuz,a%icns :=n

the %,_.me available a_._d

2) Tc pro=:'ic]_:safficien:, accurac,y to det,_:cm:'.ne _-.o,= _c .....

v'eicht diff'ere_n¢.es -a;_dheat'.ng prchic:_,__ betw_e_

i0
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PART II _ HEAT SHIELD EVALUATION AND DESIGN

It is _ccepted that the Apollo vehicle will require the use of

ablative heat shields over a major portion of the body as shown in

Figure !o However it is possible to use composite shields of ablators

over radiative typ_ heat shields which will yield lighter heat shields

than all ablative type heat shields° This is demonstrated in Reference

l_ This section pr,_sents the efforts in evaluation and definition of

composite hea_ shields for the Apollo vehicle_

I_, Materials Selection

This section presents the selection of materials for the composite

heat study on the Apollo° The materials are discussed separately as

ablators_ ceramics and metals,

a_ Ablators

The selection of the type of thermal protection and of

the specific material for the Apollo re-entry vehicle c_-n be

based on the stagnation potent re-entry conditions enumerated

below:

lo Maximum stagnation poinz heat transfer is approximately

250 Btu/ft2sec (M-I_I overshoot)°

2o Heat fluxes in excess of lOO Btu/ft2sec are encountered

for approximately 300 sec, (M_.l_l overshoot-roll control)°

3o Maxi_u_ stagnation enthalpy i,_ 26_000 Btu/lbo

4° A stagnation enthalpy is exce_s of lOoO00 Btu/lb is

encountered for approxiinately 5C0 see: (M-!-I overshoot,_

roll control)°

r/



_.J_._total heat pulse _=ot_ aporoximately 1000 seconds

and the total integrated heat input is approximately

80_000 Btu/ft 2_

I_'_:' 1 requires the use of an ablator since the maximum heat flux

of 250 Btu/ft2sec is higher than that which a ceramic or metal radiative

shield can withstand° Once the ablation material has been selected, it

must be determined whether this ablator can efficiently provide thermal

p_o_ec_on for the entire duration of the re-entry and ho'_ far back

fror,] the stagnation ooint the ablator can be efficiently utilized°

The high stagnation enthalpy (Item 3) and the long exposure to

stagnation enthalpies in excess of lO 0OO Btu/lb (Item 4) call for a

material with a large gasification ratio (weight of material which gasi-

fi,_='_ _'_,___,,tof ablated material) in o;i'der to take advantage of the high

n_ass t_:a_isfer cooling available at these stagnation enthalpies__

Simultaneously_, a material which operates at a high surface

temperature is required in order to _'adiat_ a large percentage of the

aerodynamic heat input_

Lastly_ a material with a low thermal conductively i_ required to

minimize the amount cf heat flowing through the material during the leO0

second exposureo

The _.bc,ve require_nents are satisfied by the class of reinforced or

unreinforced plastics designated as charrinc ablatorso From the numerous

combination_ of plastics and reinforcements, nylon reinforced phenolic

has beeu __..=_-_ted.as the most likely ¢_ndidate for the Apollo Heat Shield

on the basis of its specific weight_ thermal conductivity_ chemical

decompo_.iticn ano effective heat el -ah_=,_c ....



The " ,:-;_ i_rlD .....i_a_ char forming .o!asti_:s used for ablation are phone!its

and " "' " - --" . " - Conti_uous_eDox_._s_ The highly cross iind_ed pn..no_;.c_ tent to" form a

though fr&gi!e char _t_u(:tur_o Duri_.g temts in plasma arcs, the char

te_s to adhere, tc _he uncharted pla_t/.c but it usual_7 s__alls off after

th6 t_:st _ue to thermal contraction_ while cooling and due to handling°

£p_l!ing uf eporj chars during Dl_ma ar_ testing ha_ been obserVe_o

This spalling i6 attributed to interna'_, pressures generated by the rapid

formation of Eases i_ the p_rolysis _or-e=,

The _ropertie_ _f a number of reiJ,_forcing fibers which can be utilize_

with phenolic rGsins are' listed in Tab-le Io A comparison imdicates that

nylon appears to be a wary desirable r_inforcing material _ince it_ deneity

and thermal conductivity are lower and its specific heat higher than that

of glass_ asbesto_ and graphite_

A nylo_*_re_n_'ozced phenolic generally contains 50% nylon

and 5_% phenolic by weight_ The resulting density is ap_

• Glas._ and asbestosoreinforcedproximately 1._20 g; _

phenolic_, generally contain 35-40% resin and 60 to 65% re=_

inforcen_.ent bj weight= The resulting density ranges from

/

1o6 _o lo3 [_/

When subjected to ab_atien_ the n_vlon in a nylon-phenolic will

completely vap&,rime and the char will be formed predominantly from the

pyrolysis of the phenolic resin_ Th.._r_ is evzdence that some carbon is de-

posited In th_ char as a result of cra;king of the nylon vapor_ znto lower

molecular we:ght cc,_stituents as tl.e2 -_am_ through the hot porous share

Since approximat_iy 50% of the phenoli_ is pyroiy_ed into gaseou_ _com©

position product_,: 70 to 79% of the weight of pyrolyzed nylon=_henoli¢ can

be utilized fox _ r_ _ransfer ccolin_ :i_ av_;z_age molecular weight of 50

for nylon-phenolic pyrolysi_ product3 na_ b_en used in _ome analyses_

however, this value varies among different investigators_

qq



,_-r:{_,....... .......--.;_._:_ Corse_uent]_y.._ . or!y ¼.h¢ phenolic resin will contribute to

the forma_J.on of gaseous products_, On &he bahia, of 5_% ga_,ification ratio

,o,, _, ..... ,._ c_n],,; _._;.: _o 20% of the w_ight cf a _rol,,zed-,,,v vitreous "'

r_info:_ced plastic ' _h •cc.i_,r;_._z-u_es to *,_&ss transfer ooollngo

,a_ high loss el _olatiies im nyl(,a-pheno]_ie is substantiated by th_

_har properties listed in T._ble IIo The nylon,-phenolic char density of 0,:47

" " ia ap!;rc:cimate].y i/5 t_e densitF o£ -_itreous fiber chars,, I.lylon_

phenolic ,nhar denaitles as low as 0_ & _/ has been reported blz other

investigators :

The strength of a char contai_i:-,g vltreou_, fibers i8 approx:i.matcl 7

5 _- iO times a_ great ae the ,nechaai¢:a_. strength of a ayien.--.phenolic char,

Thi,_ raize_ the ques_i,_n _h_ther the n:'].on_-phenolic char will adhere in.

turbulent flow or in a flow Generating high q_'namic _ressures _ud _bhe._.r

forces,. Cens,_quentl_- it is of interest: to compare the effectit-e heats o._

ablation Of nylon-phenolic and g!ass.-,.phenoli# in a turbulent pipe flo-_:

test at a etagna_iom enthelpy of 5000 BTU/lh_ After test_ the internal

surface of the nylon_,ph_nolio s.?.._t21e exhibited a very rough appearance

wlth d_ep gcu_es __,_'-_-;'eroded areae._ [',_@':erthe!e_s_ the effective heat of

ablation of nylon-phenolic in this environment was 5850 BTU/Zb as compared

with an effe_;tive h_',_.t o.",ablation of 3290 BTU,/Ib for a giaes_-phenolic_

Th6 greataz _SX,£fi¢'ation_ lower. _ - = *' -""_C,n_uC_lv_tj and Sigher -_-p_.e_.fic

heat of nylon,.pbeno_,.._,, s_cul_ result i_: a Z.ower back wa!_ heating ratc- wh_

¢,om_._ed to c_r.r _'_::..nfo_c&d pia_tic,_ :_o,de._ equal e_;posure conditions,

This Is _ub_tax;;_.::,_.: u,, tht e_,t;- _n T,::,[-_ =._:o Nylon-phenolic ex.z-l.bit£

a considerably Lc:v_6-. i s_:pnr., tur,_ r,_s_" _._; locations of "_ and 1 zn_h__ be/.o_

the initial _rcn_ ;a,:t .__ ...., w ..... comport6__ o_ _,:-.q-_qual thi¢iL_._._ k'&_is with other

reJ.nforced plastics,, if the m-aLeria_Ls t:'2_e comp_:r'zd _n an eqt.al weight



banish, _._"lua-phonolic would appear eve_z more attraoti_'e since it 18 cone

aldcrably lighSer than glazs_ asbeste_ o? silica flber-reinfcrced phenoli_mo

Durln_ the particular exposure_ myl,_n-phenollc lo_t 36°5% of its

i_itial weight° The asbestos_ glass and Refrasil phenolic samples los%

16o_ 21_8% and 9_4% of th¢i_ initial _igh_ respectively°

Some experimental data mn mass lo_s and back wall temperature rise of

n)-lenophenolic at r_istively low heating rules has b6en obtained by G.Eo

For a total iztegrated heat input of i0_O0 Btu/ft 2 (50 z._/.= so= for

200 sec) at a _tagnation enthelpy of 5900 Bto/lb_ the weight loss was 1_38

lb/ft2o A 0°68 inch thick specimen (4°28 lb/ft 2) experienced a 60°F

temperature rise o_ its bach face at the end of the 200 sec heahing perio_

but exhibited a 300°F rise subsequent to the heating period.. A 1oO2 inch

thi_k specimen (6o43 lb/f% 2) er/udbited a 30OF rise on its back face at the

end of the heating period and a 200°F rise subsequent to the heating period°
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bo Ce_ami. ca

Th_ _emper_ture range of applicability for ceramics a_ radulatiT@ heat

shield materials extends upward from th_ mazlmum service temperatures of

the m_tal!icu. Thim define_ the lower _;emperaturo of interest to ccremi_O@

as abo_t 2200_F (selected for use of nu.Deralloys in non-structural foFm)_

Mater!ale

The following discussion is included to present a brief review of

ceramic materials and some of their basic characteristiCSo The ceramic

materials of interest are classified into: (a) oxides, (b) carbidsst

(¢) borides, (d) graphite and (e) composite materials. These materials

are generally available in a high density' form or a high porosity form+

Certain of the manufacturing and fabricational problem8 of each are discussed°

a. Oxides

The _efractory oxides are particularly attractive for this pro-

gram because of their stability _ an oxidizing atmosphere° How_ver_

the chemical 8tabi!ity of the ouides is probably the only outstanding

property in their favor. Some of the less desirable traits of the

oxides are: a large reduction in strength at high temperature

(particularly over 3000°F)_ shrinkage at high temperature (although

this can be alleviated by high firing temperatures)1 the emissivity

is generally low_ and thermal radiation transmissi¥ity increases a%

high temperature which greatly i_creases the overall thermal conductance

of the foame_ for_s of these materials° Maay oxides with suitable

properties are available and a few of these are available in the foamed

formu

(!) Silic_ (SiO 2)

?i_reous silica possesses many desirable properties_ ioeo_

low thermal conductivity_ low density, low thermal expansion_

ease of manufacture, etCo However, it is limited by melting



at a ma=imu_ temperature _,f 3100OF rangec

(2) Al',_mina (AI203)

E_h_ purity aiumina_ can be used at temperatures of approx-

imately 3400°Fo However, it ezperiences a large reduction

its _trength around 2300°Fo Alumina is readily availabl_

an the dense form in extr_ded or pressed shapes. Also_ it

is relatively easy to produce in _he highly porous for_ and

foam_ o_ this mater_=l arc available in the density range of

0o5 g/COo The material from Ipsen Industries is fairly uai_

form with gen_ally zph_rlcally shaped cavities° Difficulty

has been encountered with _mail crackm appearing througho

out the material; howev_r_ the manufacturer is attempting

to improve this condition an_ to raise the general quality of

this material_

(3) Zirconia (ZrO 2)

Ziroonia melts at approximately 4900°Fo Dense zirconia le

available in extruded or pressed shapes. The highly porous

foamed form is also available but zirconia is mttchmore

4ulfficult to foam than al_mina and_ for the same porosity_ is

much heavisro in the past_ ceramic bonded porous zirconia

was not available below a densitj of 2°5 g/cOo However_

foams are now beinz produced _ith densities as low as 005

g/coo For th_ applicatior being considered it IG expected

that densities in the r_nge o_ i to 1_5 g/co will be most

use ful ,,

(4) Beryllia _eO)

Beryllia melts at approxi_atsl2 4660=F_ Dense beryllia is

available in various shapes. Foamed beryllia has been pro=

duce__ but only_, in vsr_ _mall bodies and the development

%\



requirements _ke it cu_reat!y umavailableo Also, toxicity

danger_ in m_Luu_acturin_ and testing present additional

probl_m_ Cost is high_

(5) -_oria (ThO 2)

Thoria m_]ta _t about 5500°F. Dense form_ of Thoria are

currently available and report_ of development of a thorla

foam hav_ boen received_ Thoria is slightly radlo_active an_

r_quires caution in use_ Cost Im extremoly high with a severe

limitation on size of dense parts°

bo Carbides

The rGfraatory carbide6 possess very high melting points and the

ability to retain their mechanic(_i properties at very high temperatures.

In this respect_ they are superior to the ozideso However, all of the

carbides are subject to oxidation with SiC possessing the greatest re-

sistance to oxidation up to _O00°F. Therefore, for this applicatlon_

the use of a carbide depends on _ suitabl_ protective ¢oating_ This

can be accompl£shed by applying ar_ cxide directly on the carbid_ by

applying a compound _hich _onv_r_s to an oxide or by compounding the

carbide with other materials such that a protective oxide layer fo_m_

on the surface° There are many possibilities of such protection method_

for the carbides_ however, only two appear to be available° Theme are

the ZrB_2MoSi 2 coating (The Carborundum Company) and a ZrO 2 coating

(The Martin Company)_

Most of the carbides are available in the dense form° In the foamed

form_ SiC appears to be the most developed and readily available although

successful foams have _een made of TiC_ NbC_ EfC_ TaC_ WC s_d ZrC_

(I) Silicon Carbide (SIC)

SiC man be used in air _t t_mperatures up tc 3000°Fo Hcw_

ever_ between 1800 ° and 2100 ° F_ it oxidizes fairly rapidly_



fact which must bm reco_nized in the design° The oxidation

r_sistance of SiC depends on the formation of a layer of

silica on the _ur£aceo T,_erefore, conditions which impede

the fornation of Si02_ _u_h as low pressure9 increase the

oxidation rate_ Also_ at temperatL_es above the melting

point of SiO20 the oxidation resistance depends on the molten

layer of Si02o Again_ removal of this layer such as by

lowering the pressure (thereby lowering the SiO 2 boiling

point) or high velocity air removing the liquid SiO 2 can be

ezpected to increase the oxidation rate (Refo 2)o

(2)

The m.lting point of SiC is approximately 4700°F_ however_

it decomposes at approximately 4000°F and sublimes at

3600°F atmospheric pressure (Ref_ 3)° However, th_

Carborundum literature gives 4200°F as the maximum

temperature° Therefore_ the maximum operating temperature

of SiC for this application may be as high as 4200°F or az

low aa 36OO°F_ depending _n the effect of lower pressures°

Titanium Carbide (TIC)

The melting point of TiC is 5600°F and it appears that thi_

material can be utilized to the upper temperature requirement

of 4000°F_ HoweTer_ TiC _xidizes readily in air at high

temperatures and therefore a protective coating is necessary°

It is possible that the Carborundum coating of ZrB2-MoSi 2

would be suitable.. The C_rborundum Company has spent con=

siderable effo__t on developing a low d_,nsity (0°3 to 0_7

g/co) TiC foam (Refo 4)_ For this reason_ TiC foam is probably

the most readily available foamed carbide other than Sic Foam°

.........................

%0
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(3_ Carbides of Nb, Hf_ Ta_ _:_ Z:'_ B an_ Cr

There is little _pecific information aTail_ble om the_e ma-

terial_ A_x have melting _Imts over 5OOOeF except Cr3C 2

and B4C which are approximately 3400 ° and 4100_F_ respectively!

akl have been produced iL the foamed form (however, only poor

results were obtained with the chromium aad boron carbidea)_

all require o=idatiom prc tectlon.

Co Borides

The attractive characteristic_ of the borides are high chemical

stability and low volatility° In general_ the borides are slightly more

5table than _he carbides at high temperatures= Eowevar_ the borides

are subject to oxidation at high tomperatures_ being attacked readily

at temperatures o_er 2500°Fo Tit_mium and zircoaium borides are th_

mo_t oxidation resistant, Thick oxide layers are formed oz the sur_

face during exposure to high temp6rature oxidizing ¢ondition&_ however_

the layers tend to be porous. The borides of titar_um_ tantalum_

zirconium a_d niobium have been foamed (Ref_ 4)_

(1) Titanium Boride (TiB 2)

TIB 2 is stable up to a meltiag point of approximately 4700©F_

TiB 2 is the most stable cf the refractory bozide_o

(2) Zirconium Borlde (ZrB 2)

ZrB 2 is stable up to a melting point of approximately 5400°Fo

ZrB 2 is the second most stable of the refractorj borideso

(3) _antalum Boride (TaB 2)

TaB 2 decomposes to TaB plus boron upon melting° The melting

2oints of TaD and TaB 2 axe not well defined_ Reference 4

g_.ves them as greater than 3600°F and Ref_ 3 lists 5400°F with

a question mark°
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Like TaB2_ _ _JbB2 d_compoz_e_; to NbB upon melting° Also_, the

melting pc±at is questicn_,ble being in the range of 3600°F

to possibly -as high us 52C_0°Fo

G_aphlte possesses many desirable propertiem which make it a very

attractive material for high tsmpe_'ature applicatJ.ono_ Graphite_

high _trength at elevat3d temper_t_res_ medi_ thermal expansion a_d

low modu3.u_ of elasticity give it the ability to withstand large thmrmal

gradient_ _ithout failure° However_ graphite o=Idiz_s r_adily in air at

olevated temperatures and a protective coating is desireablso Oxidation

coating8 are available for graphite but are currently limited to 3000°F

which i8 insufficient to make use of the full potential of graphitm_

Graphite is readily a_ailable in the dense form and many companies

have e=pmrisnce in its manufacture and application° Also_ a low

density (0_.8 g/ ,_form is available (Ref_ 6)° This material has a

ver_ fin_ clo_ed cell _tructure°

Pyrogra_hite im an attracti#e form of graphit_ which posses_e_

anisotroplc properti_So Its anisotropic thezmal conductivity effectively

al!ow_ IS t_ be utilized as an insulator in one direction and a conductor

in other di_ections_ Thermal ¢onductivities as low a8 0°5 Btu/hr_ft2°F/ft

in the insulating direction and up to 200C Btu/hr ft2°F/ft i_ the

conducting directions have been reported° Also oxidation rates of ap=

proximately Ool of the rate for normal graphite have been reported°

More o=tensiv_ o_idation tests are planned for a future development

phase_ The development of this material is progressing very fast with

the Navy sp;_nsoring a large portio_ of the development° Large pi_ces

and complc}: shapes have been made_ However_ thicknes_ in the in-

_ulatin_ direction ls limited to aooro_imatel> 1/8 inch ma_.imum and



m_ui_cturing b_chnique_' mu__ b_ c.e_el_ped for part-.cular _h_p_:a_

Prom discu_i_n_ u_ith _ts p:'oduce_s .._ is apparent tha_ at _.:z,_ tim_._

this material is in a high!,:- de_e:.opm_ntal _tag_ rcsu.] ring in high

_op_tn a_ud rela_ivok_ long procure'_.cnt times_ in addition,, the o_idatior'

_'ate_ arc not sufficiently metez_ned to accurately pr_.di¢_t b_¢ effoct_.

of c::idation o

e o Composite materials

Some materials po_es_ aocept_.bie properties for the application

b_!ng _,on_idered; howewer_ no on_ material possesses both the mo_t.

d_oolrabie ph3,sieai and chemical propertioe Including ozidaticz re_.,

eistance,. Therefore,, compo_itea of materials are considered whioh

exhibit improved overall propertics_ This is accompli_he_ by combln_

leg the chemical stabilitb- of _he ox_de_ with the good mechanical

properties of other material_ such as the carbides:

(1) Foamed SiC Impregnated with ZrO 2

This " 'materxal has higher strength,, a _iizhtly lowmr _hermal

con6ucti%-i_b _ and _._proved oxidatio_ resistanco ocer plai_

SiC foam,. The composite _onsists of approzimately 5_

SiC and 50% ZrO 2 Weight= Xn a test program conducted in

_x 5_inch hot gz_ facility, specimens ef plain foa_ed SiC

oould aot withstz_nd the environment (_400('F for !5 minutes)_

In e.ompc..riscn,; similar s oeci__en_ of foa_med SiC but impregnated

with ZrO 2 _'ithstood not only the same but much more severe

exposures_ The im;_regnated foamed SiC a_pea_'s to be

capable of _¢ithstanding temperatures of apFroxim_tely .,zA_r_,,_.

ia air fez at ie_,'i: 25 mlautea.., With a d_n_e thin face of

ZrO 2 owor the cellular s_;ructure of the composite_ the surf&ce

tempezaturo capabi£i_-j is expected to be gz-aate_ tha_, 3400_F, .,

....................................................



...._ Carborundum Company haE developed a _oa_ing materi_i

_,f ZrB 2 _ MoSi 2 which show_ premise as a protective coating

,.o_ foamed SiC_ Thi_ material has been .applied to the

czternal surface of cubes cf SiC foam and tcsts in _a__ In_

dicate surface temperature capabilities as high as 4000°F

for 15 mlzute_

(3) _ Composite

American Metal Products Company he_ proposed a @ystem cf

materiale composed of a stxuctural insulation material of

porous amorphous carbon with a complex face of dense

molybdenum and zirconiao _he performance of this system

depends on the adherence of these _ariou8 layers and their

resistance to flaking as well as the oxidation protection

obtained from the zirconia layers° An evaluation of these

characteristics would have to be conducted to determine the

applimabilit,_ of the Gom_o_ite to this program°

(4) Cera_ie_Metal Honeycomb

Many companies have experimented with a single famed _etal

honeycomb that is partially filled _ith fibrous insulation

and capped with a chemically bonded foan.ed _eramic for a

temperature potential over 3000°Fo Major problem area ex_

perienced by Martin with this materi_l was the breakdown o_

the chemical bond at 2400 _ 2600°F resulting in severe

shrinkage and release of a highly corrosive gas°

(5) Resin i_pregnated Ceramlc_

The concept of impregnating a fo_med ceramic with a decom-

posing resin is d!scusmsd in the MLV report (Ref_ 14)_

Briefly thi_ composite material incoroorates the tLree basic
.....................................................



modes of thermal protectio_ namely reradiation_ mass

!l_jectlon into the be-ind_r_ layer and mater_ml phase changem_

Th_ impregnation with reeiz improves the mechanical properties

o_ _he ceramic by o_-der_ oJ magnitude, improves its thermal

g,hock resi_tanc*, and prov_d.es a nono._hape changing heat,

shi_id_ Materials under study for this composite are the use

_J F, •

of ,_C_ _203_ ZrO2J and B_D ceramic fon_ _lith _-_rious reslmz

_uch as phenylzilanco See sectio_ 5 for further discussion

of this '_aterial_

TaBl_ IV presents a summary of some of the available materials and

their oharacteristica of int.o_'est to h_at shield design°
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• _..g_ __ Special atteb_

tlen must be given <o _:ae method cf _upport to in, use that t.h_ attauL_

meat is Nc.d_ at a z0ea,_e:._ab!-_ tcmpe_atul_e_. _ the (:&se of the om&'_

;:'adii ;.,sl'ts,: _'c.tacbmcn£ is _._._.z....~_',_shcdart of the stagnation point

point For "hb.,-la:g_ radii par_s_ thia eppro_oh i_ not ,.oa .... le and

the attachme.-_., is made by exten6i[,.g termini," 2.es's f=.om the hot f_--ce_

In ' _ " (:he ::era__4.c part _.'l£_t h_-z',<jr.,_t_ the sma.'_ll an_ large radii deaisns_

high _tren;<tn 6ince._ hith a iinit_cd ::umber c,f _:i_pc._'t_ a mechani¢,al

failure is iik_!y to be catastrcphic_

'fLu ,,_L;k_ porous forms of _era_i¢ (Ce[_azi-.: fca_m_) have --i_-<,-_v

low 0 k va_ues_ hhu= allowing the u_e of thick, s_ __ __on_ ,_ithout a iarg_-

weight p_nalty._ The attachment to the 6ubstructure c_n then be mzdc

s.t e tc'mpezature _ubstantially lo_,_6r than the sarfuce temper_ture_

Ho_:e_-er:_ due to the low s_rength of the ceramic foam,, a continuous

att-_chme,_t is more profit"able than the ccncent2a,.e,_ aT. ........ used

'_'i_h the /c:.l:_ cera_;J.cs... Since :;.h_ " _" " '-• _..... _ .... acn[_..:.n,, is cc_tinuous,_ a

m...ch_.......-_,.f.'::ilu_ is !es_, likely .o _ .... r .-.;,.

the c-_u.-m_....._c ' _ .:.r, <._ s_,;...!] _-_ !a:'_..7.. .ru.__-..._._" " p_rt_ us:_r_g the cerc<_,ie 'fc;?.rm _-,

&re sJ;u:,":, Ln ;,7£2,. i:

i-z)o_:Z_,e: .....":_"'>_""i:.,..... ;; f&Ct:or 1_ %)'.:z% ma:'.u.:"::''_}:_-:"_S....... _ ..... tec]lrio_&r_.. _ ar'_

.nab.k,-div <:Lf.c,:.r'emt: for the ",." ,_ .:ud " " : .. :i.n,._.,

c'ense for.-,'[ :,.. the c.7:£_.s& al)4 s_:q..ldes arc gencrally manufactu:-e£ b:"
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...,-.:-_......n_. a._cl_int_;ring w:ith little o-_' no _chining accomplished aft.er

<.;he fiz:inz cycle_ Thus_ each dense part i_ essentially made-to-.order

and d._._.gn chan.gea can be costly both in time and expense° In con_

tx,a_t_ the cer_mie fee.ms are made ir_ slab f:,rn_ and saipped to the

urjor _lhare it can be ca_ily shaped by machin'_ug,_ design changes can

be incorporated at a nominal cost_

Two he._t _hield designs are con_idered with foamed ceramic_ the

£ull depth module where the a_tachment of the ceramic is made directly

to be cooled substructure; and the partial depth module where the

attachment of the ceramic is made at a high temperature point with

additional insulation provided between thi& point and the ¢oole_

substructure o

For either type cf design- the attachment concept used is:

(i) Continuous or semi-continuous support to increase

reliability if cracking ef the ceramic should occur°

(2) Flexibilitzr particularly in the direction normal to the

attachment plane o to reduce thermal stresses which arise

due to the large thermal g._'adient in the cer_ml¢_

In general_, the full-depth ceraz_ic design is heavier and has

higher thermal stresses_ disadvantages _.Jhich are somewhat offset by

the problem of achieving a high temperature attachment to the ceramlu

in the partial depth ceramic _esign,

There are generally three basic problez areas in workin_ with

ceramic fo_ms, (1) obtaining a high surface emissivity 0 (2) sealing

the surface against hot gas flow (since these are open-celled foams)_

v_nd (3) attaching the cer_mic to th_ metallic supporto The solutions

to these problems for SiO 2 and SiC _re discussed below°

SiO
t-

In the cuss of Sf.02.. the _urf_.c__ sealing and high emissivity
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ccatin_ _c_ c_m_,ned by a,_ding i_o_ -'" _ to a sili_a slip and slip

casting _ thin dense f_ic_ o_to th,_ foam_ Th6 attachmen_ of the _ramic

to the metallic support w_-s dependent _po_ the typ_ of panel°

Full De_t.'._De_i_ Fig 4a _ the attachment was made to the

c_°oled aluminum substructure by bonding with a silicon rubber_ T_e

thic_u_es_ of t_i_ rubber was establizhed by requirenents tha_ it be

thick enough to absorb thermal deformations but still this enough that

a large temperature drop would not occur through _he bend, The

_e_p_ratur'e limit of the rubber bond at the ceramic to rubber intsr_

face wa_ selected as 600°Fo

_artial De_th Desig_ _'ig 4b ,_ the operating temperature of

th_ ceramle=to_metal joint was _hosen as 2000_F_ The metal honeycomb

was slip cast in place allowing sufficient space between the material

and the slip for exp&usion as the temperature increasedo Th@

atuachment of the other face of the metal honeycomb to the cooled

substructure wag achieved by brazing° The honeycomb was filled with

a fibrous insulatlon_ e_ go, Refrasil_ to reduce radiative heat tr_ns-

fer between the ceramic _ud the cooled substructurc¢

SiC

f'or the SiC=ZrO 2 naterial_ _. ZrO 2 Rabtm is used to seal the face

agaiu_t hot gas flowo Emissivity m_asurements of the face_ as sealed

_ith th_ ZrO 2 paste_ indicu.ted tha_ an emissivity of 0°7 is obtained

with this techniqueo Therefora_ no attempt was made to raise thim

emissivity by addition of new materials to the surface coating_

Attachment to th_ cooled substructure in the full depth desizn is

accomplished _Lth the _ame rubber bond @s u_ed _-;ith SiO 2, however_

th_ hot attachn_zt for the . _,r_a....__ depth design is achieved in a



_periment_ with oeramic b_n_ aad metal brazes as methods of

achieving thi_ high temperature bond resulted in the selection of

brazing a_ the more practical method° The propcrties of the brazes

used currently l_it this type of a_:tachment to a temperature of

about 1500°F_ ho_,raver_ it is not _onsidered impossible_ with the

proper Brazes, to raise this temperature limit to 2000©Fo

Currently solutions to these same probleus are being developed

for the specific case of AI203 and ZrO 2 foam at The Martim Company

under iF contract AF 33(616)_7497 Ref8 12 and 13o



Fabrlcat!_n

Some of the methods of fabrication have been discussed above. Generally

it may be stated that machining and fabI'icatlon of the ceramic foams has been

studied and essentially solved_ No major difficulties are expected in this

area°

c_ Metalllcs

The metallic heat shields can be separated into two major types -- one

the structural type in which the metal is at a high temperature and is used

to react overall vehicle loads as well as local loads and two, the non-

structural type in which the metal is at n high tenperature and is used to

react all or part of the local loads but does not react overall vehicle

loads°

Since the 2_POLLO vehicle5 being stud.Led are blunt bodies with the under-

lying structure being the environmentally controlled space cabin for the crew_

the non-structural approach is obviously the best approach. Exceptions to

this are the control flaps which may prove, upon detail analysis, to be most

amenable to a structural radiation cooled type structure° Future discussion

will be limited to the major surface areas of the APOLLO vehicle on which the

non-structural type metal radiative shield will be studied.

Superalloys, such as L-605, are suitable for this application at tempera-

tures up to a maximum of 22000F while refractory metals, such as the _T;

molybdenum alloy and the F-48 colvmlbi_m alloy are suitable for much higher

temperatureso The specific useful service tez]:erature of any of the

refractory metal alloys will depend almost entirely on the orldation protec-

tion coating provided° The-results of a literature survey are given in

section 5bo To date_ these seem to indicate s ma_mum service t_mperatu__e



the Dyna_SOaro

an section 55o

shield studies°

va2ious mupar a!]o_s or refr_ctoz_" m:_fal ai!o_'s is _res_te_. _Ince_, for

_ _z_- _2v_,,' st_dj;_ these c_ar_c,erIszics v_ill aifec% only

the _ [:inc discussed in section 2c_ These metals are used for the

outer panels of the heat shield° A con2arative study was made of the

_ei_t_ per square foot of surface arcs foy three struct_al configura_,

tions as a functicn of sex.ice tempe_:ature and external air load_ This

infcz'_,tion is presented in section _b:

The thermal analyses to be performed place greatest emphas_8 on the

_k value of the insulation material t_ be used between _he hot outer sur.

face _d the cooled cabin wallo For the range of te_2eratmrss e? the

super a_o 2 heat shieids_ the 9_ost eifiuient in_ulatlo[_ appears to be the

AoD_ Little vacuum package_ powder insuiaticn originally develops6 for

Refo I_ presents d_:ta_ on. this __,._,_.,_"_]which is _ummarized

Thus ADL_I7 ins_lation _as used with all super alloy heat

For the range of temperatures o_) the refractory metals ADL®I7 cannot

be u_ad_ The most efficient insulat_.ons appear to be the fibrcus inorganic

fibers such as Refrasil_ _,[in-k._ potas_ilm_ tltanate_ etco in using thesa

m._teri_±s it u'ou!d be most economical to a!io.w them to be evacuated as the

veh'_,cle left th_ atmosphez*e thus r,z:6ucinc the air conduction and convection

zodes cf heat _ransfer during _'e_entry,., The feasibility of _uch _ approach

requireu detail study of the specific vehicle_ ;_ethod of h_.at shield support

and trajectory° I'ox" all refractory _etal heat shield studie_ -_n_ fibrous

i_._u!at'Lon selected _ Hefr_=si!: _¢:'?, little effort uas assi_ued to this

stud5: zlnoe czida'6ien protection se:_n_ it be a major Frob!e_ e_pecia!ly

_hen oo_plic_ted by the unl-_nour, chsuiu&! ._:'_,_actJ.on__:J.th the (_ecomposed

.......... @



_,!a_c_,s_ in addition a b_ief stu6_- ,_f overall he__t shiei_ weighta

in6icat._d that mini_'_a _.e:._&_ht__-ou!c. ,e achieved _:_th the super ailoy_

p_us add.[ticn._l abl_tor,=

2_ Analysis, P_e_,ho_

The external data input_ raqui_e<[ %.0 calculate heat shield weights

coasist of trajecto__y de,ta (altltudc_ Mach Nc,_ cold _&ll sta.gnation hea_

rate input_ angle of attack) and heat::ng rate distribution around "_,'_e

body at a function of stagr_ation point heating and angle of attach_

Since the angle of attack varies during the trajectory:, the heat rate at

some local spot i_ not a constant fum_hion of the _tagnation point heat-

ing rate_ in order to recuce the a_ount of effort required to _tud_" the

heat shields for the many vehicles be::_ng compared in the first part of

the APOLLO study, it wa_ decided to a_sume that the aerodynamic heating

_t any point on th_ vehicle is a cons'_ant fraction of the stagnation point

aerod_namic heating_. This fraction was calculated b v the follo_ing method_
#

Thi_ _as done for beth undershot; and o_,erahoot trajectories for

both convective and _'adia_ive heating:

The heat shield analysis method_ used consisted of computing both

ablative and radiative he_t shield _;e_.gnts separately sm.d then u_ing these

de.ta in a spe(_.ifie_o _-a_; tc _btain comi_oslte h_a% shield _ei_l':ts_ This

approach was s_leet6_d since ii ",_o%%idhave beez_ impossible to sr,udy Intc_cated



heat shields for several different _ehic!es_ several different t_a-

jcctorles and at many locations on the vehlcle_

ao Ablati_r_ Analysis

The ablative analyses werc_ performed on an IBM 709 structural

hea_ing program_ The program applies a finite difference technique for

the thermal balance based upon Init:oal condition at each time Inoremento

Encompassed in the program are the practical types of surface

boundary conditions_ including th_ follo_ing_ aerodynamic heating_ solar

radia_ion_ surface re=radiation_ bow shock radiation, and the transpira_

tion cooling effect of the ablative gaSo Internal thermal effects

accounte_ for include= conductions, :_adiation, convection_ and the thermal

effect on internal equipment_ wheZher it be electronic (heat generation),

structure, or fuel tanks (variable _eight)o

The stagnation point heat tran3fer theories of Detra_ Kemp_ and

Riddell, for continuum flow _ud Kemp and Riddell for free molecule flow

are used in the pro_ramo The variation of heating around blunt nose

bodiez may be included° The program also provides for the calculation of

heat transfer coefficients on flat plates at arbitrary angles of attaoko

Bow shock radiative heating is calculated using the follcwin_

equations as noted



input_ r_qnired for _ typical probiem_

i_ The trajectory of the v_hicl_ (ioeo_ veloclt_ and altitude

2_ The noso _iius of the bodyo

}o Th? petition on the bc_y to be _uaiyze_

4_ The thermal properties of all materi_is employed°

ao Thermal conductivity vs_ temper_tureo

B_ Specific heat vs_, temp_ratureo

Co Density

_ For the ablating surface the follo_in_ additional info_ma-

ticn _nst be provided: _emperature at which the materlal

ablates, heat of ablatlc_n_ relative amount of ablate_

material that vaporlzes_ smissivity_ heat ef combustion_

and boundary layer factor°

5o Heat generation vso time for electronic equipmento

6o Weight vs_ time for fuel ta_s°

In g_nera!_ the program is applicable to pure melting or subliming

ab!ators but is not capable of hanCl_.ng a charring ahlatero However_

since thlm was the only program available it was utilizeg in the following

The partioula_ materials under study are nylon phenolic _ud a seccndary

m_tsrial of glas_ phenolic_ Both m_.terlals graft to decompose about 1COO

to 1500_F and form oha_ type layers en the surfac_ The fu_.ction of the

char lajer is to provide a high tezper_ture insulatlon_ forcing surface

t_peratures up and increasing the reradi_tion heat transfer component_

Sinc_ in the present IB_ p_og_m_ the sue'face te_pernturc is ass_med to be



the ,-leG(_posii_ion temperature9 the _.igh reradiation term would be

].o_t _.±" the decomposition temperature were set at a _'o_listio figure

of !,303 - 1500_F_

The re_.ent__y heating pulses of the APOLLO vehicles have high

initial rise rates with equilibrium temperatures well over 1500=F_

Also with a charring ablator, the s-zrfaoe temperature is a fu_.ction

of the ohar thick_nesso Since so .... _ was known about the capability

of thc_e materials to reta_.n char layers under the APOLLO re-entry

conditions and because of the rerad:_.ation problem discussed above it

was deciaed te set the meltin_ tenperature in the IBM program at 3000_F

instead of 1000 - 1500°F in order to partially account for the high

rera_'_ation from the char layer, Tile properties assumed for the two

materials studied are given in Table Vo To allieviate this problem a

char layer IBM program is being compiled (see section 5a),

Thick slabs were analyzed on the IBM for various _ factors (_

ratio of local heat rate to stagnation point heat rate) for specific

re-ent_r trajectories_ From these analyses time histories were plotted

of the _eight of material ablated, the weight of material required to

obtain attemperature of lO00°F and 200_Fo Typical plots are sho_m in

section 4o In addition these same _eight figures were plotted versus

_ _.c_,o_ for the conditions at the end of the traJectoryo The use of

these _urves is e:_lained in sectio:__ 2c(,

b o Radiative Shield Analyses

The following method of _c_alysis vas used to minimize the weight

of an insulated and cooled radiatt.v._._he_t shield_ The method parallels

quite closely the method of S_¢ann (_._ef_!) except that _he square heating



pui_ is _ep!aced h2 a triancalar pulse which seems to be _re e_si].y

applied t_ the APOLLO re_ent._ t_aJeotorleSo

The follow,ins assu_ptions haw_ been made,

l_ The _ V_o time cur've that is to be used for the radiative

shield ie approz_mated by a right triangle shaped pulse9

defined by

where :

1/B _.

(i- Bt)

the maximum value of the trian@_lar distribution

the time duration of the triangular disto

o

o

This assumption is very adequate for the pulses under considera-_

tion, especially when an ablator is required to handle the large

_that occurs early in the actual _ VSo t distribution° _._en

no ablator is to be use_ the rapid rise rate occurring early in

the trajectory still validates the assumption°

A steady state condition is assumed to occur throughout: the

heated face being at the wall-equilibrium temperature and the

back face being cooled to T1.

Assume the product of the density times the therm.al conductivity

t

where

_ % _.. : constants

T _ _E

|



' - - ' !s clckc.g at a mcc-_, tcmDe:=.ature defined by

",'."l..," :- "/ "'_-'_ .'-!;. 2) ¢To -. "' '
g,. _.

i '_ _. _ I " •

($)

_ = c_oc!ed back fa_-;c te_per_-ture

Eeuatl.on ( = ; h_ been _h_._-_.,_,_.in a -_-_ ,- tha_ is........... _. _ ,_-.,u_ O_l.l_ rac_l.Tlr,,NX'

<,-;.,- . i. _ an_ (__"conr/_._ent wit,h., _,, i

The total : ......we_gL,_ of the cooled radiati:;e shi_,Id _ the su_. of the

weight of <_ o}'.ie"" "_ =_ pl_-_. " " ._...,e__ _a _s ...... the we,gnt of the oooii'n_g [,V_tem eoi_-,

• " ' _'" _h,s docs no_ conside,_xidcred on the oas:_s of" .a _'nit are_ ,_ shieid<, (_' _ -"

the we_.%ut of......c.o_ ....gs_ atta_hments_ or am_e other items which are con-

'_-_tan_cand h_nce should not be considered in the optimization)°

_;here :

I

_2_

density of shi,_!d material

thickness of the _hle].d

],_:;_ heat of e:_oiing_ inc!udlng = faolur _" "_., ,i. 0 2"

the ey_'{;em w_i{_h'"

= the inztan%_eoui: rate of heal being co'qducted

through _h_' sh:',e:.O.

._h.nimizinz_ (4) with i'e_o_'c_;_tc the thlckness_, _. _ _h_, fc]_c,,;Tng_...._

minimum ve_.<__t formula results :_

i



._n _r_cr.-_dlnc <:'rom equ.ai,i_,n _4) _o equ_.tion (5) it is

_b.oerved _.b.at the _i,_mmn veig'nt sy,_teL', i_ th_ one in ,,:hich

_h_e_,.. :.s equal to the w=___..t",of thethe " ?"_"to63.c_.'.,,of -he _ "" _ :

cooling ovo_.._ or

. "'" _ trajecto.,_- &-equ'l_,esThe appl_.cat:Lon ef this equation to a sn.3c&_z_

kno_:,ledg¢ of the ....n._,. _ate history _ a function of tim@o Having this

for a given point on th_ vehlcle_, the time in the trajectory at which

the equilivrium temperature _aos equal to the maxlmtu_ operating temperg_

.... _" determinedo From thIE atu:_'e of the radiative heat shield ...._e__al _'as

triangular pulse was ......._ to the._ ::enaining par'_ of _he t_'ajector_j and

the mini_r_.m • : '__e_gn_ calo_ate(l_ TI.._ properties of the radiative mai:eriais

considered are sho_'z in Table VI __u_.Figures 5 and 6_

_sini this m_thod_, it was possible to plot "_he mi._imuK: insulation _td

cooli_g weight for a. _-'.ven materi2.1 and re-entry trajectory versus

factor° Ex_mp!ee are- shown in section 4o Use of these curves are dis=

cuseed in section 2c_

c_ _o_,pos_.te Heat Shield _m_!ysis

The _.pproaoh used to calouls.te the _._elghts of the composite

_e,ueda outlined in 2&heat- _._hield_, was to utilize the dat_. derived by the _.'""'"

and 2b above Jr, a specific msnner, Since the design criteria affects this

_. _,r_to__ _ listed°

a) A safe_y !'_:cto_, of Io25 is applie_ to all ae_odynamZc h_at

rates to prov£{.e for the unkne_¢ns in calcu!a';i_-.g aerud_na_ic

heat r__,_,_, nateriai .?ropert_ _z..,_t_ons.: etc_



,--,.._J_5.._c12_¢._rla]. i_ provided to in_ure that Teq

o-C radic.5o__-20C'°F _ at the tinle the able, tot Iv consumed..

_,, ,. _,_e latter portion of fhe

"_'"_.j.'_ctc,ry ' '" _":,_t_.,r....ng at the tlm_ whe_ Teq _ Tmax of radZ_tor_,

_ec,,_n_ the c_.icu!a%ion of these composite heat shield weights

aye practical oon_idexatiuns,_ These practical enEine_ring considerations

-'eq'aire that a ,;,_,igh+..inczeme_ be _.harged %o eat_% t}qse heat shield fo:_

variouz rea_,ons listed be].owo

a) A self insu!ative layer to maintain the b_nd between the

_.blator and ¢,he _-_--_.,._._o_.... at a tempe.".ature consistent with reasonable

c.,.dheeive =+-_ ,- __zeng_._s_ This te_peratu_..£ was chosen as !O00_Fo For this

reason e. i000_ c_z%,c appear. _- on %_I_ ablative weight ohe.rts versus , o

As can be seen this i_epr,zssnts a oc,nsiderable _:eigh% penalty, per square

foot° _'-- "; ._ ofE,,a_a..na__on the method c f calculating this self insulative l_ye_.-

z-creels that it i_ derived from a t}_ick slab IBM ablator analysis in which

the Tm_.:!t has been selected a_: _O[_O:_o Therefore this represents a t.._pc ....

,a_ drop of 2000_ ' throu.£!-.,the se!:" insulative !ayer_ This is extremely

conse1"vative since the ablator ehos(:_ ,,_ns _7ion phenolic whioh_ a!tho_.x_

it ._aX have surface temperatures _s high a_.for in excess of _000_F_ haE; a

• in._ l&--py_olysls teapez"ature of I000 to _.5;)0_Fo This means that the self _""

ti_e layer should .._- ,,_._v,e .do a . of0_:-_i, to pr(_v, dron _0O°_V maxlm_mo Tb.is: iz_.

conjunction u:iiL, the confidence '_-z..... development of a _ore efficient _ekf

_.n_u±a,_.'_,_" "_ On is feasible_ _ed to ,.,_e deci:;ion to f.se a %'eight in_remenf of

a;..l_ 2_ oC _h_ wc'-'C.n_,ino_em_.nt u_kcuiai;ed by the thick slab I_M pi"o¢.."aa.

__,_...*....__-__ _,_c_',.-_...... o:._,_. b_tte_. _h_ii_._.i',_enof this _e!f Insulative layer _,nd

a_,px2.e_ _ iL, D::O_T_S8



_\,., Squdf_esover the pm_:%_everal year_ in the desig_ cf

po_'o_ ceramic heat shields have ._:h)}mthat _{eight must be adde£_ to the

tnco__-o:c_l optimun calcuiat_d_ to _.rovide for a ceramic coating_ used

to fill t_ exposed surfaces, of the "_orou_ core,miCe This is anplied to

restrict flow of hot _ases in;_o the open c_Aed porous ceramic_.o In

addition the _tta_Jhment of the oezamlc to the subst_acture requires the

use of ;_ fle._ble_ continuous type 3upport_ usually a high temperature

_ill:one _bber for _.,.o_:t_mverature_ subs'i_ructure or a bra_ing ma_e._.a,_"_ _

_'_" _e itemGfor th_ h_:_ te_peratu_e support _- _: _ _o ._xp.e,._.enc_ ha_ shown that th_

zegult in a weight _uc,_-oase of aboui_: 1 ,_y_, o This nunber was use_,_ for

all ceramic rg:.diat'_ve shield,':-°

c) Reviews, of the _:oz'k ac :omplished by Bell Aircraft and

others in the design_ l'abrisation a_d test of metal rndiat!ve teas

shield of the doul_le wall insulated and cooled at.preach ha_e sho_._n that

•_ "- the suppor_ clip "__censideration_ of the metal _ane! _._gh_

result ia a weight penalty of about I #/ft_o This number was used in

all superalloy metal heat shield stuaies_.

d) Use of an active ware." cooling system on the internal

support structure requires th.,__.tall_ance be made for the weigh_- of

the _ystem hard_:are, such as tube_,_ valves_ pumps_ heat exchangers_

trapped, coo_.an_ etco in this stuc_y an original cooling system faetor

_._r '; of I,.75 _'as used_ _'_n,s_ is 6.e'_ined as:
O

Welz, ht of "_'ate:_an6 _,ci_ht of coolin_ system

c Woigh_ :f water

_-_,te}_ _tud_.'_s by Harem (Fart .'_II) f_:r vehicles _f the blunt _-_ ....

bo_.::..-r shape_ have yie!dcd the _ur:,:_"_ r.c versus maxir._u_ coe!ing raL:e

s[:o_-,_- :}.nFi;.,,_7o For this re_._on t_ e ._-e_ults of the radiative head

shS_-'],_ _'.tudics w_-e adju_',,ed ,*o r__ect _.his la_er data "_'"_

i05



,_r
_n__ys_s _.hich shot;' that "c_ei_ c: r.s suZEested by the theoretical _ _ _ '*

#

'.:eicht of the _ ":_ _": - " _F'r o A.na_.:.a_.c,_ _.zxd cooiin_ _s prcpoz'ticnal to the c

"_" 2,3 _,:as (;hczcn az rcpresen'!;ative_D.cW D O . _

Ucinc- the above discussed mc-thod_ of ana!ysis_ desig _-

-_ _ h and prac _'-"-_:.i_osop_y_ _,_c-_l _eight increments, the 'Lu_it heat shield

weight at any position on the vehicle _:as selected as fo:.!owso

l"k 
(i) Usin_ the f facto= _j curves derived., select both

undershoot and overshoot factors, _amc_y f an6 -
O u

(2) Using the criteria of o = _(Tmaz -Z00)4_, select times,

tc and t , in the ov._rshoct a_d uadershoot trajec-

tories at _.:hich the radiative shield becomes effective°

(3) Multiply _ and fu by 1.25, then using 1o25f ° and

1o25f u as calculated, plus t and t from (2) go to
iO00 o u

the _urve_ of W_bl, Wab! versus F versus time for

!000

overshoot a_d u_dershoet and read out *dablo_ :{ablo_.
I000

Wablu_ Wabluo

(4) Calculate the ahlator and self insulator weight by

(6)

',- .tOoe

= L'_Va£_i2

Again using 1.25 _ and !.25f u go to the curves of

radiation weight versus f and select V.'RAD and multiply

Using whichever ablative and self insulative _-_e_ght is

greater from (4),(elt_er _,_ or N )calculate the total
t o u/

heat shie!4 weight by

is discussed above_



o

;_ c_ bc_ sewn_ the _,_o" e pl-ocedure ma-_ several assumption_,_

It z'ef.lect_ the hec_,t flow on the _blator that has passed the leO0 e_

linc_ Thin is uncor, oervative,, I_ assumes that the surface temperature

is _'t tl_e equ!l!br_um temperature a_d neglects the heat roqui_cd _o

bring the radiative hc_.t shield uI to steady state conditions_ Those

are cons-:rvatJ.vo _-_ ",,, *_....u_,,zono_ It alco neglects the heat removal

required to malnta!n 3ready state conditions as the surface temperature

is forced to fo!lo_,: _eo_.._ This is conservativeo Summing up the

effects of all theze conservative and uneonservative ass_unT,tions

in light of the long __..m_ h_atin_, hloto.._ry_ it appe_-rs that any errors

introduced should be s_-llo

Secondly_ in view of the fact that th=.se fiy_re_ are to be

used only to calculate heat shield weights for the first phase of the

Apollo study "vehicle comparison), their use seems Justifledo

APOLLO Vehicles Studied
i l ,| i ,

Three APOLLO vehicle configurations have received signifi-

V,cant heat shield effort to date_ these being the [,-l.-l_ the L-2C_

and the W-lo Each of these vehi=les is described below" with rema--'_-_-_.._

as to significant heat shield problem areas°

M-l-____!l- _. modified Eggers--h,'ong v_hiele ha_ing a geometry nid_-tay

bstween the M-1 and ._,_-=veh._.cleso Re-entry weight 6400_:._

2

Refo area = 78_5 Ft ,_ CD_L/Dm_x = O_49_ (L/ ,D_m=z_, = Go731

Problem areas: l_ Esc_:pe tewer loads must be transmitted through

heat shield in high heat rate regicno

2_ L_,;_'ding bag -_t_:ago in for_-:ard area requires

inco,.'poz'_,tion _f blow off heat sh_eld_ again ,Am



9

5,. Lo¢:;*i._.er.o_ _ .. ..........

point requi_-'es OcsiCn of pen_vablc r].ser ruz

along 'bop cf vehicle,

4:, Hatch r,_ust be ;rcvided i:s back for en'['l-auoe to

utiss:[oi_ module_ Les_ _;evere problem _f.nc¢. this

i_ low heat rate region°

5,- Basic heat shici6 is exposed to mlcrometeorites

durin_ entire 14-day mission°

L-2C - A modified Merc_.iry shape - NASA desiEn_ Re-e_r_ry weight

ft 2. CL@L/ = Oo51_ (L,/D] = 0o73 e= 6C00#0 Ref_ area = !29_5 Dmax max

Problem areas: Io Hatch for access to mission mod_:!e goes through

forw.a_'d heat shield area_ Sealin6_ plus structurak

integrity- i;oses [evere pl"oblemo

2o Attac>:_ent to the boost vehicle is accomplished

at c-'itical heating region°

3_ Using landing ba_s in forward area v_.ll cause

support structure for the heat shield to be heav_;

and will complicate internal cooling' system°

o .e_gh_ 6000£_ _L-.!. i flat-bottomed vekicle - NASA design Re-entr$ -:_ " " =

ft 2 CD@I/D : = O _6A 5Rcfo area = 92,..6 ,, = 00845 _L/"D)ma x -.

,,n_ a _lanncdP2"cb-.¢_ areas: roughly the saze as _he M--!-i exceot _" _' _

_,.o._ by side arran_e_.ent _rlth the inissiom module _,,ii}.

requira a hatch throvgh a high hca_ rate region for

access _o the missio_ module°

!, }[estJ.n[: on cc?.tPo! flaps nol well knou'n either in ma6_nitude

kb
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!,: Final fq2at Shield Ccmputa%iens

Yn._ de'hail _.yeigi_tca!culation:_ derived for three vehicles

are discussed in thi._ section° The vehicles studied were the

14-1.-I_ the L-2c and the _'J~lfor two reentry trajectories, namely

%/_e positive CLm_ overshoot and the 60 nautical mile (vacuum

perigee corridor width) undershoot,

As stated previously the heat shield conliguration under study

is compo_sd of an ablator lm_.ina%_d over a radiative heat shield __ich

ir._insulated a._d cooled_ Porous ce_'amies a._d superalioy metal_ _re

considered for the radiative heat shield° The properties of these

maL_rials are gi-_en in Table Vi, Ir_ light of the tentative results

discussed in L_-a only a super alloy or st_-uctur._l insulation sub_

structure was assumed for the bulk cf these studies° Aiso_ as

discussed in le_ no specific studies _re made of _he control flaps

in each vehlcle_ rather the thermal pro_actlon required as the Flaps

",-;astaken a_50 per cent of the stagnation point _Jeat shield we_gh, to

a,_ Craneral Study of vario_/s type composite, heat _hie].ds

Ear_: _ in t21e study a comparison was made of a glass phenolic

ab].ator lamina_.d on too of ei_r- a porous ceramic or a metallic

_hi_!do Since foamed uirconia had the !o%_.st/_iveiue and the highest

temperature potential of _qe fo_me( csramics_ it was chosen as the

cer_-_aico The super alloy shield utilized the ADL-I? vacuum powder

insulation° _o%h shields ,_sre wafer cooled at the attac.hment to

the primary pressure _hello



Ta_ basic data used im sho,.;_in fig° $, 9, and !0 for the glass

phenolic and in fig_ ll and 12 for the zi2conia and super alloy shields°

•"he co',_.p_siteheat shield we.i_hts _ere calculated by %/Iemethods

describ_ in section 2, These c_l:ulations arm shovm in Table VII and

VIIIo These c_lculations reveal s_veral facts_

(1) the ablator plus super alloy and ADI_-17 composite shield weiFJ_S

considerably less than the ablator plus foamed zlrconia composite shield°

(2) In _duecase of the super _lloy and ADZ_I? composite shield_ the

h_at rate at _,_.ich%/_eradiation s._ield becomes effective is so low

that ablation has ceased at that time°

Based on these conclusions _o further studies _mre _ade of

po_"ous cer_ics composite heat shield _-mi_hts and the calculations

for the suunr alloy composite heat shield _mi_hts _mre s_plified

by eliminating the step of calculsti_ to and tu_ using instead

the single curve of total wei_j_t ablated for _ny F_

bo Calculation of final co.,_oositeheat shield _mightso

Uzing the in:_grated heat rat_ distributions sho_m in Figure

13 _ru 17_ the nylon phenolic ab]_tor wei_hts shown in figure 18

thru 21_ and the super alloy plus ADL insulation and cooling _eights

sho_._nin fig° ",_l_12 r 22, 23 composite heat shield _i_J_Ls were

calcu!_ted for the M.-!-I_ L_2c amd the _.i vehicles as sho_m in

Table IK thru KIo _e M-l-1 ablalive s_ndradiative weights ver_s

P _re used for the W-I_ It shcu]_ be noted that these are mlnJ_um

l_eat shield _-eights along c.'._rta_nsoeeific cento_ lines_ usuall;f

vertical and horizontal° Taese fi_es are then used by hhe wei.f_t

_roup to calculate the overall '_-_e_tshield _ight of euch vehicle

taking into account specific probl.-zmareas on each vehicle.



ca,._u_ate, cooling!n addition Tables XI! and ),I:i show "/%e ]" "_ 6

ra::_ ac deri%,cd frown the alml3;sts procedure presented in section

2c, '_-._,_efi_e,s [_e _ubject to c_:-'t_In l_i'catioas but certainly

car: b&. used as representative of _.e mo_ximum cooling rates which

can be encountered_, T._,esefismu_es were used in the stud/ of t:,e

cooling system pz_sen%ed in Part !2:i._

(:_ $_tudy of _ose Section of M_I-I aud o4-1

On _ _,:-I_i (and W-l) vehicl_s, review of the overall vehicle

aesi_n ap_roach led to _cne concl_slon _nat it would be very desireahle

to be able %o ob'_ain access to the nose section by removal of the entire

nos_ hea% shield a:_d support struc_,ure_ Equipr,lent is located in the

nose section to pull _m center of gravity of the vehicle for1_ardo Since

:Cr,J.s section was to be removeab!_: _-he uueotion of mle%Aer this scctio:_

hac. to be cooled arose° lherefore a study was made of _d_e wei_.oht of

a cooled versus uncooled nose_ This study sho_d that the heat rate

i8 sufficiently high at the sta_,a_ion point _hat a _nal] _ight

penalty of ora_y 0o6 ///ft2 is requi',"ed to eliminate, the coolidge

_his i_. sho_.m in Fiz_ 2_o S_nce _2.is is only a small section of

the vehicle in 'harms of surface ar_ ,:_ this weizht panaltb" does aot

seem excesEive _

d._ Ev'-aluation of 5iea_ Shield Concept _'o9osed

On_ i'actor :'.oted fr'O:T_._he ra_ults of _uqe above calculations

was that _o.,._ -" %_Ie insulated and coo]_ed superallov., shields _e _.:e_t

of the insulation and cooling is atout the sam._ as the _i_t incitement

added for the metal hnrd_.sareo Also several rese_'ations about use of

an abie_co__"or_ t._ o_ me-t.al radlatiwe shields have be_:.nur_covered iu

cun_:idez-it_ the ac%ual u,_age of this %:Ype of heat shie!do



(i) This concept accepts the fact that a fairly large

picc_, of undeco,,nposed resin will fij off do:_nstre-_mas the

bond te_pcrature reaches the critical _nlperatureo This

"fl_;ing_ hardlmre could damage aft portions of the vehicle

such as _e control flaps°

(2) In addition_ these piece_ :till probably not be removed

uniformly and may ssriously affect the aerodynamics of the vehicle

if a significant portion should leave a critical area prior to

other __r_aS e

For these reasons it has been decided to study a "structural

insulation" approach _ereby a material such as glass phenolic is

used Ln place of the metal radiative shield° This should allow a

phenolic to phenolic borld with the a_'lator _lich should raise t_e

temperature limit at that location to almost the pyrolization

t_..mperatu._eo It is accepted that _his will not be as efficient

an insulator as the ADL-17 and will result in an increase in the

insulation and ceolin_ weizht_ Of_settin_ factors Justifyinz this

increase in Lusulation weight are

(1) A more structural]_v prac%ical design results°

(2) The self insulative layer on the ablator can be eliminated

tO%_ The metal hardware weight increment can be partially

eliminated (only partially since obviously this type heat

shield _.rillalso be found to have some practical weizht
increments)

(h) The hi_her coolins rates resultinz should lower the cooling

syst_a_ factor rc_

Currently effort is progres_i:Ag on evaluation of various reinforced

phenolic ma%_rials in different _,_eometriccombinations to se._ve as

structural insulationo The streagLhs of these non-metallics at

high temperatures is bein_ studied as _ll as their insulativc

propertieao
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TABLE _

Pi_-vl:les Of Fzber Reinfor:_ez.:ents For Organic: Res-_ns

Reixfo='cing r,'aterial D_nzity Thezma.l Condu_tlvity

g/_c Etu-i_:/_- ft2- °F

Asbestos _ _.5 --

Glass 2°2 6_7

Graphite It 8 900

Nylon ! ,_15 ".,,7

Specific Heat

Btu/ib - °IF

0,_27

0°20

0°20

o,,40

Material

Asbestos_Phenolic

Glass-Phenolic

Silica-Phenolic

Nylon-Phenolic

TABLE 21

Char Properties Of Ablators

initial Density

g/cc

I_50

1o83

f1oo4

io17

Char Densit_

g/cc

io31

io36

io65

0°47

Char Porosi%y

46

32

z7

72



am_

TABLE lli

Comparisom of Internal & Back_all Temperature Rise

In Reinforced Plastics Tested By Ct_

_eatiag Time 600 sec

'530 sec Low Flux .eating

lOO see High Fl,_ Heating/

Total Heat Input - I0_000 Btu/ft 2

Thermocouple Reading at End of Heating Period

Material

Nylon-Phenolic

Asbestos-Phenolic

Glass-Phenolic

Refrasil-Phenolic

Location of Thermocouple Below Stagnation Point

0_166"

Burned Out

O

1843 F

0°333"

O

797 F

@

359 F
(!n_ernal
Dela_in-

atioa)

@

1172 F

@

970 F

Burned Out

O

2079 F

@

183 F

o

341 F

1,000"
(Back Wall)

O

Iii F

265

0

15o F
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TABLE V

PROPERTIES OF HATERIALS _,IPLOYED FOR

APOLLO HEAT SHIELD STUDY

Material

K o Btu/hr/ft/Z

Cp,.,Btu/ib/F

p , lb/ft 3

Emissivity

Heat of ablatiom, Btu/ib

Tempt of ablation_ F

Ratio of va_orized
material to total

ablste_ material

Phemolic Refraisil

0o14

o°38

ll2

0°8

IOOO

30oo

0.3

0°5

Phenolic Nylon

0o144

0°45

76

0°8

1500

3oo0

o°6

0°5

b

M vapor a=2/3 h =

a = 1/3 b =

}_ for laminar

Y_ for turbulent



TABLE¥I

Material Max Service
Temperature _cu ft/

k/BTU _t
_ _ o
_sq ft-h_- F/

@ _ max service tempo

ZrO 2 foam

SiCZrO 2 foam

A1203 foam

SiO 2 foam

Refrasil

ADL 17

400OOF

3500°F

3300°F

260OAF

2800°F

2200°F

5O

33

33

35

6

12

olO6

o169

°258

oli4

o0!52

im
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.,1

':.<.: c ?i £,.2

.... AbZa.to_
f

-,_T _C_

Shi.c.]._ D_:s:-.,.T.-_:
Tr__ang'lc

?Or_',_ec,.

,2 o o 780 2,..%

_.3 o o 78o 3,-_02

= 195 _4o 740 3,_57

•7 300 z3o 650 !_

o 385 _15 6!0 _!

#

....._C 420 3_}0 590 _'_

/j._---_:; 48c. _.25 535 t:

! ,6._,

2 _44

I

6

-1

J

?

9

z_25

S t.ne._:.!!,_.V

2!5 se(,_ 140 see,. 745

5/5 475 495

?So 7_5 225

$3o 750 i8o

855 805 i55

$65 815 i_+5

69c- 840 13o

, 47

,,82

K

-.: -,.

_54



TABLE XIII

L-2C

Zircenia
L

f = FoSo x _ _ation Shield De- _

Ends sign Starts Triangle

°I O SeCo O SeCo 670 see°

_3 O O 670

o5 O O 670

o6 0 O 670

°7 115 O 670

o9 18o 115 600

i.O 220 150 580

1o25 285 220 490

1o73

2°56

3.08

3°36

3 °55

I

1o26 _.

1o65

1o91

1o96

2o13

l
oi O seCo O seco 670 seco °36 _$_

o2 240 150 380 °48

°3 360 280 500 °50

o5 480 420 440 _54

o7 390 490 400 °38

o9 690 575 330 °67

lo23 750 700 225 °80

.24 _._£._

°32

°33

°36

°39

°45

o33



"4,.D'

l .....



_os Dw;/a_¢



A
it

T



c_.,_ _'p_,, De_
• i i



½

!

..... !........ ]"

Q : " • h "

3
w

" : ""

- • _ ,

_-ir_i-I-!-i:-_ii_,

l



41'+.

.a.

.=,

;a!,

_, +.,

. • +

0 ....

I

:i ..... I

......... : .... :_++
I

.... , .. I

I o

......_ + _- ;.......i- " :+..... +...... ._ a+,-+._' ... _p_+ _i- i_ i --i+ +
-+_......: __Z_:....+_____.... _+_Te+,__..........."-....._..... ' '



: , l ::: " : _-'::: .- .::i • :" i . ' ' ": " ; l ', " ;'_Lj" L" " ." ;:-. - :.._ __:.._:___+.:.... _-:--_ ..... :':-:..

.... :., ..::: . : , : ...... ..., ::::..:::: .. ,_, .:.£: ................ :_::

. "] ..... :. I ............. -- _- .....
.... ,.._ ::_..:._:.::I:2.L.: ..... 1 .... ; :---:,-'::,'-:-: .: • , , . ._. ; - : I..: .... ,-:

!ti:_:Y:-_:-:,:- , i ' i" ; _-2 _ .:,.._.L._-..

..... .;.- ,- '1' " -' :' - , ; j :_:_ ,._:_#' • ....... - - : ........ T'--- • ; , . . : -' :--'; _ .,.: ' : •

---'-@::i.-:-:i::-:-l--:-;--' ..... ,-::i .... . , :., ! • i : . I:..-:M:.:.!::.:-L..._'.:-:
:,-.). , ....... j • : ....... t. _ " . ................... L: , .....

D

)

tl i-..'
--.":---b .... !-- :7_,-:: .7]::-7.._,._- .-:- . i !! _.! i : :_- - , : i - .._ ....

__i... f ........... -_ :.:.._j_ .... ,_.:_:. ,:.......... :._ --- . .:. _. -.." , . t " , • .- -: --I l . " " _ -' ' ...... L ....." t " • , .._J...... ..;_.__:-................. , ......... .
". .............. _" )..,'_..;'::-t-:. -::-::-" "): rT[ .... :' ; .... i :_. ; :: A ""

..... i" ; -i.'"1 : ..... t . .: ........... I':-'i: _..__

...... : :-::,':.-: ., _.--:-_I -,. I.- : .... i:....._":._"..-__.

;. I I

.............. : • :---'.- :- "-i "- :- " K-i: :

.......... :-: t ....... t- - . ' :_ ..... _ t_ .... --: : t .... / ) ,: N...t..]

..... :-.., ..-:'T-:'I,:: .... :" _ ' " "_-"t"; ' ,' ' " .... -- • : ! ' J ! " _ "':::"

_--__'::' ,. t "Jr-- .... ..t :. ,: . .....::: -:--r-:-:--,.,. .. : _ ' '-i;:_.

\%*



"i

-+--_

L.

I+

. + :

/
#

/
"t "'

/ /

..... i

!

- "'--" i " ; !_ f" •

:........... _.............r-=-._ .... ! - ; : +,. /

.... _. +

. 6 ...... _

I

: ./ i
1- q. "

: l

/

[ . :

7iI . ."

i

" " I

......... I

i

I

• ! ....

......... - ....... .;- :+- - + . 1
- -_ ' : -_ "i - 1

r

• .... i- .... i

. . • + ,=.:.._ .+;. 11 .... :1

• _ 31--..1+ .....................

+ -

# . '. .: ', " " ".-i .............
....... ;_--T-:" . -",+'--+. .... : ......

+'l "t. i .+...........
' "[..... -7"7"7 i

.................... +-+ ........... _ .............. ; ' " i

'-i+;-:i ...... + : " :
L__'__i--L- :--: ......................

_ __1__ ', ........... i ....: ........

....... ; ........ I .............. ! ....... "

I i _ . ": _ "
: ..... + ....... v ..... " " i ' ' ni - .! I i._`.!.il-i_ _:! ; i .. ...... _.....

t I , " 1 " / .:t:.; +--:: I" ' : ; I "; ! . !. . !

+ ; ..... !....... i+...:-. I.....+-.-!:-:. ; ._

,t, , : ,f:i LO .. I,i, I,q .

\+.,>%



l





--)

k:



,,ifr _,,,.

!
,,dk,_

1

B



• o

il



.!-,I ! _±_
.... F"i :: !

:.: [ . .!

: i :i: ii:

J21: ..... 1"
h T:_ @

:1: ! ij !

i _:-_ ii!l! :

":[_: :t:l r

I : _?!
::[2

_L :I t _

,. _i.:_:!::

_ it-_, _ _ .

• l

{ . ::

22_2 _,

-T-- :2_ I:it

! I: t

! i: i I ::: ; I 11



I { I

J

•_. o_

•1 m

o_
V_

_J

I

"0

"o-



t

................ _- ..... =...... _ .................. : ................................... _---i : "_ -d

• ' " _ _ - _' ; _!I.. _,.... ;.. -:.... , _ ....... ,.,............. , , .:____, . . ,ll_., ..... :- i_l _I ......
L__ J ' : - _ . _. ' _. ! ._ _,__-__..__.1.....,'_ILl.__....-_q ....;......

.........:.....,.......L . , , _ .......:_._

" _ :......"_ i-I :T --_'_-!:_I-, Ii_.- i....i . _ , 1. _ . _ .

', :: I..... ' .............................I : : _ , _ , _='-_--_ _:-_,..............



i

3
m

...... I

z

,8

I

i.
i
I ....... (..

..... J(_.-

L

I.- -- ]r-J

.... _ .... I _ t

- _- I /._. /_.o ..._.._,Z ..... • _ ..... ' _ '-._-. /-:_ .1-_ - -
..... _ ...... .......................................................



+•

+,

o .

k

+



I

.(-

.=.;.:.I:.-..L:__:_.__!/_._.7'__///_LP..A£=_ Tk_.'E _]_./+_T-_; :Fe£ ?_-.-_-/... '
• .' -: ': • ' , : ' - ' +_ i .... _ ' " '
:_ .! '_i : , I , _ : ,. ..... • : ,+ ! - , .... ! ......
';- _:-:-T--."[ #_y_Ot_,--P_" p_:,_-__:__t_x_;_ _-_r T#k _;_;} : . '
+-_I:'_--! _i_i-',_-_-_P '_"-h,--i'_:"--!---,_--i---i--.i--i-_--i-----_-_ ,,""--_ "i-<_ !,-_'-
' _ L i_i , _-i_"+ !_:I i.,.:.I-._-'L_.t.,_ i_/i ; ;-i I _ l.'_..l:_.:__.i__.!._.

• , - , . .:_ . .... :- _:-=_:--:......_-_....... ] .r-- ....
. -:--.I ...... +-.--_--:-_--_.---_-.-_---_--_-.--_+-.';-- :.--._.---- .... .-_.--_--I---_ ++_ .;_z_ +.I--..-+---_.__:-+-._+-- +....... ;-- ' --_

.......... _ --+ -+.-. I.--._-_l. '-__x. -+_ ..... ! . -:+--_--:::---.I-.-_ ..... l__.:..].u..___..-::+_- -:- -i ...... :

...._- ,+:........____-+__.!__--,___--_-_._...........:..........+._-.___.}-_+.......:..__---_--_........H-_--;:-..-.-r ......
+.-+ "+ ". : i .+'.: , :: _ ., • + .+.:i-:.l ;'F . " I. ' -+- ::. .'+ I t '.- ; ....... + ............... +.--I ........ t ................ , ..... ,J...... i :+-_ .-+: -. _--I- ......... :-.--+ .........................

+ ' I + + '+' + _' + ++ ++I_' .i + I+. k t " " l " " , _ " m I _ I ' + + " + " + " + '._ " + • ++ I I ", t '. + " " • . ' i + •+-+,--I-+--+---L+-,..................................+-,--L.:.............:--.,.--,---+--+. ....
_. i , , + . + , , "77_V".... _': • •........+......t, ........,.....................................s/• . ; . . ' , 1 , : ' . I I t: " + .. ,+ . l -I ..... ', ' :

+ ........ ,p....
' I + .... ' "......._._:._....._:-:i--+--_......_..____+........+_ ....L_=u __:_...+.....-_..__+_+_=-_-+-.........+:-

• t , ..... +t ...... I • " _ ........' I : . : ' I :" " .... "' '' ' ' + 4_ '-" ........ ;...._...................,.._................................. , ...... ,+.........,...... ;o/_......... | .........

. _I..._....................... i..........._................... t ............_......../_......_•-.:.........
;.I ' , , , _ -t i . " ! _ • i ! -'/ :+ i_",":t / I '. ! "

--._--:_,--- .......... ; ...... ,- - _' ...... ' ..... i: ...... ! - -:- -.i ........ +++_::_ _+. ...... _..,t -'-l--';--;---_..;.+'---i--./ ..... ;___',._._:_.++.L-.

:l:-:t:--_--r:---:::'. ,--i--f--i--i:+ +:r:....:_i : ::.7-:::_ti_/.:-I _r-_ - ! _-
-_-r_--_ .... ,............. _--: ..... -_ _---7- -_r _---V- ........ :---_;:+_:---+" ;_'T/_--k" 7-:-'-_ ..... i-:
-i /: i 1 : . : ; ',.. : .. : " ,. ..iv 1 ,t. ! / i . _, . :
.... :"t-" ...... ....... r ..... ++..____ . r .:_.. _+, ........... : .... . +j:..(..._ - ......... - ....... ; .............+ _,:, _., , ++ - _ .'.7';+ . y-:r-i +,

--f.--..-: .-.3-+l:+:-.t._ .... I_--T-:-Ti ...... _,._ .__._ .z' .... ] ......... IV-_-1 --+'. +.-+ ;--_-,Ctm-,---:-r---_ .... :m'-"-,_'--3

-' " ,- . - : -t -r:: - ..... t ..:.t . . jl .',: '--t, _V" ; i " ! ;. ; _
++++.• , . ;: .... : ._+ ....... "_:_+._: ..... - _. _: _..._+, .... :.i.:_ .... ,++ ; .., _._i_.+i._.+ _'.__ I--_i_-. ........... <+....

<,;--_ :---'-+----;-+J--_--- I .--__J _z+__.'._ .... _.-_ ].;__u+ .... _--:._+, .......... _. _ ..:.._ ...... ++._+_.£

.... _ _. _ . ,- t -1 ...l+ . i -if i ' : .:.' :: I .r---_-. • _ ......:........".=.....":........-F .' .:.--.;-.• '+ !--;.i---:'--.L ..;

;:!_ :! !:'i :/.',:L '.' /" ! ":.i_ i i-:-i _ _ '

i

!;+.:'- /+ i

_7:7- . i- I

.... =_==_--_-= _ .if" ::1 ,'! 'F

:.1:.: r. ::. I , ': .... "" ! i

'7"7:7--i'T7--"_ -']'-+: r;:! i--++.,.... + +,i 7 :l i +! ..... L + .i

• + t _; ....+--

, .+_ ,I '

+-.-.-:._
" :-IL_'I_ " t

:--_-:----!
]

• . - I - " "M

... _---#.,

..;t I " + ' ' +

....u:u::_-_+._I_.__._i...!
.::-::+" !:!i_::,i 'F .W- -. i

:" : i- " . .:f ;'1 : • 1

T-"_-- '_--:" :_--:.1--:-:-".-|" ":_'-_ ....... I.. I+-';"

. ; : I .... t .:': i :" " i "

i'.L_-:-:i .......i
• . . _ ".-! t -: : .

i_i '.i:_. _i"_: . . .i. :.
:i :, .1.... t .. :_ .. <-

!::::i.7-:.:-il :_i--.ii:: -- : i ;

.+, • ,

_++:!+i........ +"++ ,!
---++..... +.._:.+ . + ..

__++_.z._. ' ....

:L+:L:i-::i.+_: +. I ! '+ '

: "::t:':;" :_: ! ..... : • I ; I - "" :• : ._, t. ; " :_ l. I ._ _ +- _;
--I+;-: .... ; ---+---+;'-+ i "::: --+T ++'r ":_'': -" :-."v"',: "+ . ; • •

:::1.':: " : ", i "I i: _ ! t : ! i ! ; ; : "
f ". , I . " "--* --" +_ ........... T .......

- ' " ,I ._ ' • r •

_ _ ! :_ I:_:..! .I_LTLiC

/ ! •

:!

-:-:i7:!::i-::

m _ m _!

I
. +_ --I . , -

_:CIL-.!i_



.<.

7

,+.

|

{'!

+



i
t

n
o

Q

L

:--:i"= ,.._ ..... i." :'" i'! _

---=-4--= .... : " "'F.:!

I ...i .... ."F'"! .... I=_L .-,;-:- :::. ,r'--

:- ..... - " ' . ' ---'11 .l_

I ; ....... ' _ L [ I " _ I I _ -- --L _ .... : ' .- : _--" t[ :--" _ " -- "I _ I -- ] " _ ' i ] : : [ __ : I : _ ; [ " i I [ _ _ : ; _ ]

- . I • t ! - _ = :... t ....... _--h-':'-';'--, _'':'_- --":--'_=---" : _ : " _:" L. LL_JLL[__

I':lll-=i':"-,-9 ":='{''i- ": I , " l-" :!:- _ _ " ' : 9"F '._ -;I,..LLL.2--:.--

i._ f.. : _ _ , ,..... IX:-',-. i_|-,. ....... _.'.:-: -:

'I ":: • .i , ..j,_ J __-L-L--_ ....... F-- - ---_'-=" -:.'TtTt ° . ....... ' ._.._, .t.- _,+.._ -

L_-:::_!.::, _. _.-t_- , :t _:_ ::..:._:,..i ..=,.:-,--=4- = -....... _=..-z,..Tr--'%":"=":-:_-:-:-:-I,-:::u':--r_=-iTT:T. : _{_'[ --T_;F-'E_: i :: . _._:Ji _"i'.: '_ ."T'/_.'; " I':
.... : L.'. ; ..... _ I " " : _, " i ................ i" • [.

--0-=_---. _ , , , . . - ...... :. \_:! L
..._ • -, , . __,' ......... . .............. ,i-_ ..... _ 1 l "l_ -_ ! I

1-_--t--_---_-_--+-=--i--:-..-I-, ---]-TT-:-:-_;>C --:' _ ' ; : ' _" " .' _ " '_:
I,U i" " ; -::' : I ' : ' ' ; " '- .... _', .... :.---;:--r ...... = ....... .

...................... I- • ' I, %I_:_.......-.--.----==..... ., _ . k ,_,..., . _:.-:.-_i_i:.
...... ; '_--_----: .t ........ 4 ............... i': .... ] - . - . _ -': :. .

.._. l '. ._ .i .... _---=---_ ;, - :- -_--+{ i . . . i " '.

il,_-i---:_--i:---F ....... .- : i ; i- ::_L...!--.-)::.-_:-- : ii
....................... . -:i--- r

I ........t : -x--;...................... ; =, .....• l "i I - " ' ..' _" I t -.-[ --#.-:-;

"4 , ..- ' I . !..L _ ........ __.t........ ! ,--: : j. _ . ,_ ,• --: -:-': I • • [ t " I " _ " '_---r ....
: t . , t .....................F. " '.......... ....---.-,=-: --+ -:--=- :.---'.--: --i --_.--=-..... , ; : i-: _= . :-.

., '.. : ........ : .,}_ I .._ _....... --- -_- ........ -, ....... '.... ; -: _ " i i ;: I !-:-l-: ! ' - " ' -.....
• - 1 : !: i " S- 1---"

, .........-.....-,.....:,--'....----,,.........- , • 7L_;!;-L-C;__
r': _. ,..'..I : I: _. ; _ : , : _.: t-i :"I :' _----_--4-_! . -: ---_-_-_-:-i-:-: -.F---:---, ...... [-'i-i . •

--: ._ . . ._:_ I.L_L. --:, .... "; ....... :-:-i. ...........• i : .'i _ -_", ;" i. i. l
' "I ' ' ! : = .... '-- ............ ¢"" i

..... " ..... i"'- .... :---,':--':_- "i ....... :_ ...... I-T:" 1 - : ! ": i ! ....

: . ., !. i. ,, . l. . . .I I:!.:

._:.......... , , -.- _ ...... _ ..... _ ......!-,:--_:-! ....,- t _ 7_-t"i ! --_ __=
i i !"L ; _ " _ i, _ • , •

9-- _ -":-l ......... ; .....

" !: r _:7>1-_! i r:_ ,. :. 1._.,.......... i .... : ..... . . "........ • , 1 , = _ '- '
it I : t , ......-t • _J_._L_+_=............-- 2_ t,



J

i .

=.

h

¢

i ....... _z__-



I I " i I
_ N

. :........ ;.._-- !..... _:__....... ! __ ; ......

' :J
I

I

:.......... r ..... ! .... :......... ;
..- : ', .: .-: .' -! _ ; -i-

...... ; ..... '_. __.-- .......... -- _ .......... J...

I..

I
I

I



)
I

{
• o

(:



dL .



2_l F: _.° 2...,. " • "

t"

,,,/:":, = .._...... : of i-:_ re!:!.z_.-_ion _.._° teE;in

L,< _-: t:oi:c.! m.&ss J.c_ r,a:,:e

t/Y¢

<.j,,

_e

A"

_'atioGf molecular ¢,,eighl. of air
_:0"'_ " O.{- " "_ ' •

ert'_:1_.dpy of _:ira';_'_.I _:eznpe__iure

speclfk: hea'::of __)_orized produc;ts

_.:_pee_fi(: heat of _;har

_-: cO_._.gt.a_l"in b]on_J.n_ her_n

AGS U_..,[P[[._ONS

2 _eP_C:eond_.ct_d i._:_ore_!n, i_ i_o::-e.d

ez_o_ion or !Ty c;o_.,_.uz%ion

"_'_7o -_ .... _ "'_ .... :" b.etv_ee -a_ %o surf?.c:e te-_pera:.,_re

5 '"h_eon/b_/s;.:ionp.rodv.c,_E_i_jec¢.io::_s no'::.i_-c.i,!c}edCn the
,.,_9_ L__:a: efzee,:

The eo_,J_u_stio___Gf %',:,._cP._:rler_. is p.vo"_c_}y P_ V,Fpe:'_bound

and. ,._,7be _.'c.ch!ess_ £,__-_:i3.ahlc'.oxy@;en .is no-_:s:cf:?icier,_-_
i:orest':; _ "{:his_:'e.,;e Of co._u.bt_._:i;noFO._ ilL!sz_e_::::o[...%hc

_.n-_!ysis vy_.a: ca_'zieC, ozT;: \,i;:h _nc: w_:_hou_ i}_c, ":e_-r_.,.

_b

F',

_T.-J

=:-:

_, Z$_,.

:/

ivL "" 3so,

"_ rT'rV T
, .L T_.j

_T_G



Lr_,

"_ ',,_'o," Led

f_

i ¸, /,i_ _,¸ ,_

_ _ .' _ i "6_ _

, ..- ;..._ii.' .,_?'..,;,_T_ _'.-_,. _r _

C
F"

_2,1bS 03- <<:C, i--_;,

" T " "

&,-

l'

L

',_ _,, lJ _ _

' .a
• 7" ¸.



-;0-

+ qcondue%ed LI

_,_ _-4..

:i_#r J,.. ,, 2f _- . ,i _

I

i

.... [ _ Z _<'__'_<_ i_ i '

i

' JJ r2 o.--._f_" )



To accoutre,for surfe.ce rerno_ra! by nze_ h__nic_, eroaion only -

se;_ _5_ _ _

e._mo,,any frac._iom of "the surface- -,_emoval can be conmidered eom-

J
bus_ion b[,y'mu_!%ip!ying ,_i?by;_h_.'_frac_ion,

For the presen% analysis _ mean_ %herm0_l eonaue_;_<_ im essumed.

For the fo!!owmg warlation of k wi%h tempera'_ure km

k _ ko = constant km _ ko

k_bT

_a+bT

k_bT 2

=a+bT 2

.7
3

is selected as shown_

k_:bT 3

=a+bT 3
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Fer nylon ,_henoi".e

,'_ 0,85
WC2

'_ 20 BTU

._.i_. _: 0o 8 ._TU F_o = 2_. 22 z i0 iB'Y0 F_:,

:_'2/3 for l__li_r flow

For cases of/__ from. 200O°F %0 500O°F

from 0o 030 in_ %0 0o 090 ino

20_ 000 BTU _.,_d!0_ 000 BTU 5_ 000 BTU

The fo.,_o_,-r ,r___._ounces Dave been v:o_:h_d ouJ:v:i-hhand .._,hcu:,combus'_iono
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b. Da'£a on .Metal Rzdiative Shields°

A review of the progress in metal radiative heat shields was ,_'Id'_!"atedwith

the purpose of studying at least the follow:".ugprograms.

a) NASA experimen%al studies in support of Dynaso_'u'.

b) BelI-AMC Contract for cooled double wall type construction°

c_ Boeing-AMC Con%rac'_ for superalloy ho_ structure approach.

d) l_cDonnell-WADD Con1"rac'_for refractory metal ho_ s_ructure approach°

This ac_ivi_7 re_u.!'_edin _he followin_ pieces of data.

a) Preliminary we:ight shady of various i._,pesof outer metal panels

for the cooled double wall approach. Rene 41_ L-605 and F-48

alloys in a honeycomb, slngle face and corrugation and a _eaded

shee_ confi_ra_-lon were studied as a func'_ion of service tempera-

"_ure and externs/ pressure.

b_ Re,ziew of refractory metal al!o__ oxidation pro_ec_ion coatings°

c_ Summary of insulation da_a on ADL-I7 vacuum insu!la_ion.
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R_.2..C,ORY ._.._._ UOA-, ±NG D_,tELOP_,___T

_erences. The following reference=_ r_ere prepared notes for the

Fourth Refractory Composite 'Working Group Meeting -

Cincinnati_ Ohio° i_oveml_er 15, 16_ 17, 1960o

:'a) Boeing Acro-Space Division

(b) Chance Vought Aircraft
go) North American Aviation Inc,

:d) General _lectric - Flight Propulsion Division

(e) Bell Aero Systems Compan2

{f) Chrom Alloy Corporation

(g) Univers!ty of California - Earnest O Lawrence Radiatiom

Laboratory

Additional references include:

(h) McDonne].l Aircraft Refractory Metals Development Program

Clst_ 2nd_ 3rd_ and 4th qusrterly progress reports)

(i) Martin Evaluation of Coatizgs for Molybdenum (ER-11462-!-2.-3)

It is a know_ fact that the refractory metals cannot be used for

extended periods of time at elevated _emperatures (above 15OO°F) in an

oxidizing atmosphere _ithout adequate surface protection A great dea2

of effort ha_ gone into the study of coatings for the refractory met_e

durizg the oast several years and development of a substantial variety

of "'+_ _ sy_co_.,_n_ toms and application methods have been developed., These

efforts_ however,, have not been integrated either in respect to the

overall area of high temperature-time re!ationships_: or in considering

the range of problems confronting any single coating,

It should be emphasized that most of the encouraging reports of

progress in the field of high temperature coatings are based on small

numbers of samples which are submitsed to simple static oxidation

tests perhaps in combination with thermal cycling or tensile strain_

of moderate stres_ levels, Such coatings are far removed from having

been successfully applied to complex joined structures such as those

involved in the Apollo Vehicle_

A reg.,Jew of references (a) thru (i) is presented in Table I and

reflects the present coating state-of-art for moly_denuln and columbiu=

alloys with pertinent test results and/or comments°

©\
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._._,l_.],l;,:,...IO.IT."," "r , q_ _ "_ " r _._CI,AG_, DATA L'A/(EN FRO;.! BELL A,_'C INT. RPT._7-_9/I_II

(!) Percent BeV Wt. of Constituents (ADL-17)

Alumina 40%

Aluminum Flakes 13.33%

Carbon 13 •35%

Silicon Nitride 15.33%

Fibrous A_bestos 20_

99. 9%

(2) Settlin_ Characteristics (54,000 _aps ¢_ IO0 u Pressure)

8 lb/f%. -5 Density SeGregation & Densifying

I0-12 lb/ft. -3 Density Partial Segregation

16 lb/ft -3. Density N_ Segregation

(5) Liquid Ox.ygen Oompatibilit,v (Ex[,losion Hazard)

Insulating pounder when compared to carbon, is definitely a

vor_ small hazard and is termed compatible with liquid oxygen_

(4) Thsrma! Conductivity Tests

See Fi{_re8 1 & 2

(5) Insulation Pa0kaging

Placed in .005 Inconel (Annealed) Foil with filters to

relieve internal pressures. A "Bag" type package was found

not satisfactory as a oonbainer unless clamped between the

outer _:all and primary structure. Final design used oorruga-

ted beading and channel beams to stiffen the bottom of the

package, Coil Springs are used to support _he p_ckage against
the outer wallo

(6) Outer 14ali Sup Rorts

St_ched metal foil discs coated and uncoated _re used

bet,:sen the cooled inner wall an_ support to minimize the

short circuit heat _,_o_,_ Test results of lin. height discs

_re sho_:n on the following page,



2 °

16o

14o

12o

IOO

8o

6O

40

20

o o

/

/

&

400 600 800

m Inconel Solid Bar

A Stacked Discs - Uncoate
Inconel 702 Foil

X - Stacked Discs - Alumina

Coating on Inconel

J

lO86- i2oo 1_oo i6oo lS_O 2obo

M_a_ Temperature

(7) Insulation Total System Weights

Total System Wto for 0.75 in. layer of ADL-17 Powder with

insulating effectiveness of the powder in a vacuum

= 1.545 Lbs./Ft. "2

© Sea Level

= lo96 Lbs_/Ft. "2

The wt. penalty reflects only th(_ amount of coolant required to
offset the additional heat transrlitted to the primary structure.
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Co Resin _prepmated Ceramic Nose Ca_

hctivity in the area of resin impregnated ceramics was very X_Jaited due

to lack of a good method of analyzing the material - either by IBN or by

hand calculation. In an attempt to bracket the potential of the mater_al_
!

an analysis was performed using the data presented in the MLV report on

maws loss rate as a function of surface temperature for a SiC foam _p_e_-

_ated with a phenolic resino Steady state conditions were _ssumed and no

attempt was made to calculate the heat conducted into the substructure. This

analysis presented in the enclosed IDC is crude at best and is far from

adequate to satisfy the immediate needs of APOLLOo The char layer ablator

program currently being compiled for the 709 should relieve this situation

if material properties are ave_lable_

It was also decided early in the APOLLO program that a large ceramic

specimen should be fabricated as early as possible to demonstrate the con-

struction of such heat shields and _o gain expez_lenee in fabricating a large

ceramic part° The material selected for this part was the phenolic resin

impregnated SiC ceramic since it is much stronger, is less susoeptable to

mechanical or thermal shocks, and has a high heat rate input potentialQ

The part designed_and currently scheduled for completion by 1 April '60p

was a 16 inch base chord segment of a 20 inch diameter sphere° The ceramic

is laid up in modules bonded to a water cooled steel substructure° In the

process of the assembly of this part fabrication methods and tools have been

developed for the machining of the porous cereal@s, and an improved method of

resin impregnation has been developed° In all cases the methods and tools

developed are applicable to an_ ceramic material and can therefore be quickly

applied to e_ new designs with other materials such as A120 _ or ZrO 2.



Current plans are to test this part in the 14" hot gas Jet

now under construction if

(a) the 14" calibration program yields results that

would make such a test meaningful°

(b) the final article manufactured is suitable for

testing°

(c) analysis of the material shows that suoh a test would

have some merit°



• l_ ,"V_, _" *_An lalys_s of Eesin _qa__._ _d Cer_.,ui_

Using _oasically the data presented in the MLV report by

Strauss, an analysis of a resin impregnated ceramic material has

been forumulated using as the basic information the experimental

mass loss rate measured by Strauss_

The results for the phenyl silane filled SiC ceramic are

presented in Qarpet plot form for ease of use°

V ©

Q

@

emissivity of surface

surface temperature _ °R

vaporized mass loss rate

resin mass change rate

total mass change rate

constant in blocking term

constant in blocking term

stagnation enthalpy _ BTU

.

Ft_ 2 Seoo

#
Fto 2 See°

Fro 2 Seeo

enthalpy of air at wall tempo _ BTU

heat of pyrolysis of resined. BTU

pyrolization temperature of resin _eR

initial temperature of shield _ eR



= specific heat of resin an@ ceramic _ BTU

- specific heat of char and ceramic _ BTU

_ = specific heat of vaporized products _ BTU

. ratio of molecular weight of air

to that of injected mass

In the MLV report, Strauss gives an experimental fit to the mass
loss rate of a phenyl silane filled SAC foam material as

and also that for a typical brick the material percentages are

L - lO%
Resin - 62%

as Using this_)data an equat_on_} is formu_eated for a_otal __heat-.ba_o_ce..7_-_,).

e

heat radiated away

heat blocked by mass injection

@ heat absorbed in pyrolizing resin

heat absorbed in raising resin and ceramic to

pyrolization temperature

heat absorbed in raising temperature of char
and ceramic

heat absorbed in raising vaporized mass up to

surface temperature prior to injection



An example is presented where the values used weret

e

_- 2o4.3 = lo "6 ("?s- 2235)

- 0°80

. o._i _. 0°4 _- o._

h_ Oo__ $. _ooo _.
@ 0

- 3.59,',_ _. _86o._ r'.-
. oo_1_. Oo_ _.

_- 5,000, I0_000, 15,000, 20,000, 25,000

@

2°22 _w

0

0o40

_ = 860o_TU/#"_S" 39e0 oR,

This compares with Strauss's analysis for about the same ease

o__'-_96o'__na/&_. 8_ooB_/_o
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TM-5 Part III

Structural Cooling System

Basically, there are two possible approaches to the removal

of heat flowin E from the outer surface towards the primary structure

during re-entr_:

(1) Local evaporation of a coolant which is stored within the

primary structural panels in quantities adequate to absorb the total

heat flowing towards the respective panels during re-entry.

(2) Circulation of a secondary coolant within the primary struo-

rural panels, which serves as a carrier of heat from the structure to

a remotely-located evaporative heat exchanger, where heat is dissipated

by the evaporation of an expendable coolant.

The most suitable expendable coolant in both cases is water, which

has the advantages of high latent heat, ready availability and suitable

temperature characteristics for aluminum structures° Therefore, the

weight of expendable coolant necessary for removal of the heat reaching

the primary structure during re-entry is identical for both approaches.

However, the difference lies in the equipment that are needed in con-

junction with each approach. For the first, some type of wick.in E

material is needed to retain the water before evaporation, a_ well as

adequate passages to carry away the low density vapor to suitable loca-

tions where it can be ejected overboard. The equipment required in

connection with the seannd approach include a coolant storage vessel_

circulating pump_ evaporative heat exchanger_ manifolds and supports_ etco

It is quite likely that the second approach would involve a higher

weight penalty than the first. However, it was selected for Apollo, on

a preliminary basis, mainly due to its advanced stage of development°

_*_?7!i'_ _ ......
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This development effort, undertaken mostly by Bell Aircraft Corporation

over the past few years, was preceded by a careful examination of direct

evaporation schemes, which were found to be less desirable at the time. It

is the intention of the Martin Company to re-assess the merits of direct

evaporation schemes before making a final choice between a circulating

system and a direct evaporation system. At this time, however, we shall

base our weight estimates on the circulating system which rejects its heat

through s remotely-located evaporative heat exchanger.

The principal items comprising the structural cooling system are

(I) the evapora_t, (2) storage tanks, (3) heat exchanger, (4) circulating

pump, (5) residual coolant, (6) manifolds and supports add (7) valves,

sensors and controls. The weights of the first two items are mainly dependent

on the total cooling load (in Btu) for the overall mission° On the other

hand, the weights of items (3), (4), (5) and (6) are strongly influenced

by the maximum cooling rate (Btu/sec ft R) anticipated at some interval during

the mission. The weight of item (7) is relatively independent of both the

total cooling load and the maximum cooling rate°

Analysis shows that an optimum heat flow rate to the primary

structure is realized when the weight of insulation required to produce

that heat flow rate is equal to the wright of the cooling system necessary

to dissipate that heat flow rate. In order to establish these weights,

it was necessary to develop a factor representing the ratio of the cooling

system weight (including the evaporant) to the evaporant weighto

Preliminary design calculations were performed, based on three

different uniform cooling rates, namely _9 1 and i_ Btu/sec ft2o Reasonable

assumptions were made with regards to thermal conductivity_ thickness and



o

configuration of primary structure, length and cross-section of coolant

passages and headers, coolant flow velocity, maximum acceptable structural

temperature and pressure drop in the expendable coolant exhaust circuit°

Based on these assumption_ the cooling system rleight factors were computed

to be 2.73, 2.3_ and 2°30, respectively for cooling rates of _, i and I_

Btu/sec ft2o

Studies currently in progress are aimed at the determination of

the variation of the cooling rate with respect to both location on the

vehicle surface and mission time interval° With the results of these studies.

it will be possible to develop a more refined estimate of the cooling system

weight factor°
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In o_r earlier _k, we had part_lS_ evaluated and scaled the

design and opera_ implicat_ons of solar flare partioles. Data obtained

since that t;tNe hav_ indicated that such ot_bursts may be more

ths_ was estimte_ and that some of the characteristics that looked earlier

to be oo_mon fr_a event to event may be quite variable. 2hese include

possible var_tions in _ of %he enerEy spectrum and flux decays 8_d also

a lenri_ A_ the lsw ener_ l_it to perhaps 1-2 _v. The varia_t]Aty of

the spec_u_ changes the radLntion safety ef_cienoy of any given shleldi_g

design and complicates th_ analysis and of co_se the increased frequmey

of _hese events has Increr_ed our. oonce_n far them°

We know most _t_ _hat is required to give man the ss_ degree

of proteo_on he has o= esz.th N 1000 _,/m 2 (20(X_/_o 2) -- that iS the

shiel_ afTorded by the earth's atmosphere. 2ho questions are how mu_h

less then this is satlsf_©to_y and b_ do we provide this mass of shleldo

I, oe_, _/t/'th_ seooz_ q_on fJ.t-et - the most obvious _y to shield is

_o'_;_.3.%_e _ 35000 _s. _ the vehiele to the g_eatest exten_ possible°

Previous2_ ow studies a_ all others that _ had seen considered shielding

_ithin idealized spheres _ elmenta_ _ - alw_, carbon, eteo

_e have taken t_e actual _-I-I and L2C oo_elgn_atio_s_ broken them down

Int_ hundrsds of area e!e_e_ts end used the aot_e.'L _a_ (as _ as

eight different _ of inorganic emnpounds) to o(x_'e the shieldi_

inside each cl the m_mand mo_nles together with the effects of the m_ssio_

and p_upulsion WX_o This is ill_strated in _ I. We have also

considered a radlati_ shelte_ within the ,_,__,_ mdO_o

_he em_Isen indicates that the dose _Ithin the _-I-i is about 78%

ef the dose _ithin the L_Co _ specLt_oal_ cone_erl_ the severe event

that occurred folls_Ang the class 3+ solar flare on May 10, 1_5_, the total

Iz_Ide_t p_oton dose would have bee_ ahou% 34 Pu_L in the I_-I-I co,mind

aodn_ and about _3 R_L in the L2C command module. The dlst_ibution of



.................................... ° ..........

dose aver the s_face at" the spacecraf_ is shorn _ F4_m_ 2.

In these calculations, we oon_idered co_and mod_e eq_p_mt unLforLl_

spread out in the oatKno In the next step, we _L_ use the results obtained

Irlthout the eq_mnt to _de us in posit£onLr_ the equipment to _Te

better rad_tlon pmteot_Ono _s we can do easily by look_ng at the dose

through each area elem_t to detm_me Mmre the ,ad_t£on_ :asses of

m_a_ could be most effiaLen_ u_lisedo

• he s/_eld_ affoawk_ by the equipment is very si_osnto _he

vaZaulatiane o£ dosage made _tl_ut the e_Kpm_nt _tal3ed, of course, sb_

h£_rr doses but also mphastze the dL_£er_ces _n the structural mterd_

effects a_ the t_o con_gtmat_Lonso Table I smma_ses the

results ef __e_e eal_latlons.
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TABLE I
m

3306

_._ _._o _o._

_o-_2_ZZO2 _.77

i

_.62ono

5._7no _._s_o _

)._.o2 67._
ii

-5.0
]_o2o..7oe

_ -5.5
_o-.'roc

He,v,

lnter_oa" proton doses _asured at the cheat o£" the _Ldd2e _ (l_ad.).

Data obtained uad_g the _m'ed spectrum _'o_ the solea" £'lare on

z_ zo, z9_;9. (]_!_.8). _r oum. _eot,_ the _t_ az'e s__ed to

the flux of l_OtOnS bet_ the measurement ____ of 110-220 _ev.

\
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WitJd_ the 1t-1-19 the dose without considering attenuation through

the on-board equilmnent would be 452°8 Rad. Within the L2C considered

similarly, the dose within the comr_d module would be 1489 Rad. A

less detailed analysis was perfor=sd consider_ the dose inside the

mission module behind the L2C _uration. At this poitrb_ the erew

is heavi_v shielded front and back by the L2C and the _ssive t_

and propellcuts. The calcu_l:;ions showed 1_hat the dose decreased from

about 6705 Rad_ .to 14o7 Rad° to 4o0_ Rad_ as we wrap alumLu_ weights of

500_ 1000 and 2000 Ibo respeet_ve],v in the form of an open ended cylinder

wl_bin the mission modoleo The "absorber thio_:_esses and dose distclbution

_¢e shown on Figure 3. The axis of this "storm cellar" would coincide with

the vehicle primary axis and its dimez_ions _uld be 46" dia. by 65" _mgo

_s ana1_sls did not oonslds¢ o_-board eqsipm_t or materlal in the missLon

._d_le_ I'Vemay oo_sermatAvely a]I¢_ for tJxLs by reducing the al_dJm_a

shield u_ates by 350 _bs. It appears that the mission _dule nstoz_ eel]az_

has msclt_ although there is a large variation in the dose distributicmo

o¢ once

t_ght oharaotaristic, we calou]ated the dose in Pmd_ for a m_ber of

diff_ spectra, _he _mer in which the spectrum is c_ed is very

o_Itloal to f2_ resulto For eommp]_ if we chsnge the spectrum _ro_ E"2

to E"_ and keep the iota.._.11numberof _articlesabove i0 Nero constaut_

the number of partloles between 10 _v. (cut.off energy) and I00 )_ev. (mean

range in al_ -:10 _/e_ _) _uld be :10_ g_,eater for _e E_ differential

spectrum *J_m f_- the E_5o Therefore, 10_ mare particles would pass

:10¢_/_.2 of ah,_n_a us_ the flatterspectrm than would pass thr_

.ai_ the E_ rela_or_d.po _';e_ the _peoCz_ by st_ndar_z_

t_s mas_ed m=b_ _ _ro_onsbetwe_ 110-220};e_otOl_d_g _e _a_ lO,

1959 flare. _s 1_ds to conserve the e_erg_ flux and the observation11



The fluxes were extended down to 20 Mev° (less than the mean ran_ lu

the thlmmst laye_ e_ either co_atlc_) and up to 700 Mev°

Another factor Involved in the spectawl distribution is the RREo

Althou_h the Ratio doses may be very compatible, there may be enough

differences for the dLs%ribution of protons near termination e_erEy

(hlgb _BE) to e_Teet the mean P_E. _'leare presently calculatlng emergent

enezEy spectra and will _ both the mean RRE and also _he dose for each

awea eleme_to This uill sl_w us how %he dose is distributed ove_ essentially

as many _ o£ the body as there are area elements. This is

because of the rel_tlve sensitlvi_y of dlfferent organs. If neoessarT_

we _m also add in the man as a n_ber o1" _ of appropriate material

and evaluate "the _yetcal and biolo_c_l dose at a number of depths in_

the body for each awea elemen%. The mxtent to _bich such detail will be

neoessarx £s dependent upon the vertabili'l_ around the mean emer_nt

spectra (mean I_E) _th _d without the equil_ent together wi_h the

extmt to which the equipmm% distribution o.n be optimized.

In the mxt few weeks_ we will complete our _is of secondarx

radia_ons _nd can evaluate _ configuration and shie_ with reelect

to these _actors ;_oint:l_o This will also include the pawtJ_les that awe

present in _ Van A_le_ belts. _'_e have no _udicatLon to believe that the

secondaries _zon solar flare probons _ill sl_nlfleant_7 increase the dose.

It appears at present that an ev_b su_ as £ol_d, the solar ..Clare

on May IO, I_9, will not e_poee the crew in these vehicles to more th_n

3_-_5 Red. A mall ross of "spot• or close _ximL_ sh_eldLnC c_a red_e

the dose to _ Rad_ In the mission modnle_ _he qnes_Lc_ _ z_malns

as to whether this represents an adequate "design" event for Apollo. Our

estimate £_ an evemt of this intensity or greater was t_ice in two years°

Far a 7-da y missicm, _lis is an encourEter p_obabili_y of less than ]/5;0o

Far a lh-day mission, the _robab _i!i_yis _ab_ut 1/27_ I£ the frequency of



i _ _ ,_!_ +_ _ _ _+_F_,il, __

these events is maoh hil_aer say 4 per yeart, then 'the proba_1.1*o'y of emoomlter

becomes 1/7. U_M.I _s have more da_j we ommo_ _teZ_" ans_l_- the

qUestiOn- Or how muoh less _ 1 a1_phewe of effective shl,eldi_g is

necessary. However, it st_ll appears that a desi_ adequate for the _,

flare is sufA_ento

prediction of spec_°_J.o flare eve_ts as an opex_tl .o_._.aid to

£polle does not as yet seem feasible within the next ten _, This does

not preclude using indices of' solar actA_it_r as lat_ schednle guides.

Al_hou_ _ss effec_ve in rednci_ solaa, proton emoo_ntea- probabillt_.es,

they are alC_e feasible. _here are at least a dozen dlf£erem_ solar aet_vA_

indicators in present use. Some of these go back ove_. mm_ years of r_

ethers e_ to _ X_Y _" _ reeentl_. _he proper eealuat_n add

ut_lA_ation of sueh data may be _d to _ the prote_ eno_

probability by a faetsr of two to _om-. This ut_tion e_ sols_

"o,_.,,_'I_ appears poe_e _" A_._e_,,,eas basing mQ" bopeo om

_ee_e predlotlom_ solsr%eteorolo_ is at presenttoooptomlstioo
• +

/
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Introduction

The Apollo reliability effort emphasizes the successful

accomplishment of seven technical tasks during the course of

the complete program through lunar mission accomplishment.
The scheduling, control and integration of these seven tasks

with other program efforts is e_sential to their successful
accomplishment. This technical memorandum covers work per-

formed in completing the first two of the seven tasks: those
involved with determination of numerical reliability requirements

and with evaluation of alternate system designs to optimize

reliability for the selected configuration°

A complete description of all seven tasks of the

Apollo reliability effort is contained in the appendix of this
technical memorandum°

-1-



OVERALL'VEHICLE RELIABILITY STATUS "---.

Preliminary analyses of the various major subsystems comprising

the Apollo System Spacecraft have been made. Reliability estimates

for Apollo_ along with assigned goals, are shown in Fig. 1.

Failure rates were based on data from equipments currently in

ass| items of equipment uncommon to current hardware were estimated

on a basis of parts aimiliari_y. Equipment reliability values do not
assume use of components of improved reliability. Mission times used

were in accordance with current concept of a fourteen-day _ssiam.

The prima_y purpose of the analyses made was _o detect major

problem areas and institute corrections in the design for these
problems. In keeping with the known accuracy of predicted values of

reliability at this phase in a program, ma_or stress was placed on the

value of reliability estimates for comparison purposes. This emphasis

led to more significant conclusions in selecting the most favorable

of several alternate system configurations.

From the early analyses, it was evident that ma_ar problem areas

existed particularly in the Flight Control and Environmental Control

Subsystems. In the Flight Control Subsystem, hydraulic leakage to

hard vacuum during free flight constituted a serious reliability hazard;

in the Environmental Controls Subsystem, gas leakage to hard vacuum

caused the greatest reliability degredationo

Additionally, the former distribution of redundant equipment between
the mission module and the command module resulted in serious reliability

degredationo On equipment used during free flight and re-entry, redundancy

would have been lost on separation prior to re-entry, and a non-redundant

system required to operate throughout the total mission.

In the current design9 necessary changes have been made to systems

and to the distribution of equipment between the Mission and Command

modules to improve the probability of mission accomplishment° Yet to

be accomplished during the reliability study phase are the following
tasks:

lo Safety analysis of the Apollo Spacecraft in conjunction with
the Saturn Booster.

° Continued reliability evaluation of alternate designs originating

from system optimization studies.

. Final reliability analysis of the recommended design and an
estimate of the overall Apollo Spacecraft reliability.

The ma_or problem area yet reumining is the Reaction Control and
Mission Control and _bort Subsysten. In view of the fact that this sub-

system analysis has Just been completed, time has not been available to

oorrect reliability discrepancies. _ith design changes indicated, this

subsystem should meet the required goal.

From studies completed thus far, it is concluded that reliability values

of the order of magnitude required are possible and within practical limits

of achievement. Further refinements to the systems will alter estimated

values slightly but are not expected to change the foregoing conclusion.
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Recovery Gear and Communications

The configurations used in the first reliability analysis

were based on the following:

a. Required items of equipment ,

(I) MLV Feasibility Survey, Vol. I, Part 2

(2) Apollo "Base llne Recovery System"

bo Parachute Equipment

(I) RSVP-2 Volume II-Mechanical Type System, Page VI-IO

(2) Dyna Soar I

(3) "Base line Recovery System"

¢o Descent Directional Control

(1) Pilot operated, open parachute gore steering|

simple drift sight and float lights for drift

reference.

do Landing Gear

(1) "Base line Recovery System" - Helium-inflated

bag with variable orifice vent

e o Ventillation Equipment and Electrical Power-

(l) Currently planned systems

f°- Oxygen Equipment

(I) MLV Feasibility Survey, modified in conformance

with currently planned systems

g. Communications, Pyrotechnics, and Survival Equipment

(I) MLV Feasibility Survey

With an allocated mission reliability is 99.95%, the estimated

reliability of the current configuration is 9_o94%

Although no significant problem areas have been found, substantial

reliability improvement can be achieved ar _ollows:

ao Parachute Equipment



P

I

o

From the analysis (see Parachute Equipment @liability

Diagram) Lines and Fittings (fn and f_l ) and Drogue

Release (fx2) contribute appro_tel_ 9_ to the un-
reliabilit_ of the Parachute Equipment. It is reco_emded,

therefore, that components be manifolded _nd prepackaged
into a number of self-contained modular units co that a

minimum number of lines and fittings will be employed _id

that necessary interconnecting lines may be short, weld, d

units. _-_Arther, redundant drogue release components sh.uld

be incorporated. It is estimated that these two change_;

alone will increase Parachute Equipment reliability fro_

7246 I-LisJions between Failure to approximately 33,000

l._ssions between Failure; and that the Recovery Gear an_

Communications Subsystem "One l_sion" Reliability will

imi-'cv<., t'_'_ 99.94_ / to approxiraately 99.95%°

b. Ventillation Zquipment

Fro_ the Apollo Statement of _or_! Para. 1olo2ol.2 fc):

"Postlanding Survival Period. The spacecraft

should be designed for crew survival for at

least 72 hours after landing"

Present power available will permit operation of

the ventillation s_stem for a period of only 12 hours

and not for a period of 72 hours.

If a 12 hour operating period is a requirement, then

the presently contemplated ventiliatlng equipment will

contribute 37% to the unreliability of the Subsystem°

Redundant ventillating equipment will reduce the

ventillation equipment's contribution to unreliability

to substantially zero, and improve Recovery Gear and

Communications Reliability from 99.94% to a_proxlmately

99°96%° However, if the operating period requirement for

the ventillation equipment is 72 hours, the present con-

figuration will result on a total spacecraft mission

reliability of 0_% because of the total lack of power

after 12 hours of the 72 hour survival period. Resolution

of this problem is required at the earliest possible date°

A second reliability analysis was made of a modified Subsystem

employing smaller main parachute canopies (70 ft/sec, descent

rate) and retro rockets for final touchdown deceleration in

place of the larger parachute canopies (30 ft./sec, descent rate)

and landing bag for final touch-do_._d_1-_-_ ...........

-5-



that a small gain in Subsystem reliability might be achiev_

(from an estimated 99.94% to 99.96%)o There are, however,

possible safety hazards involved with the modified Subsystem

due to the higher descent rates, improper rocket-firing times,

and fire hazard° Study is continuing and will be satisfactorily

resolved on the final confiEurationo

-6-

J



APOLLO SYSTEM

PRELIMINARY RELIABILITY ESTIi_LTE FOR SPACECRAFT

RECOVERY GEAR AND COMmUnICATIONS

C 0 MP ON EN T

m

Parachute Equipment

Descent Directional

_ontro_

Landing Gear

Oxygen Equipment

Yentillat_on Equipment

Pyrotechnics, Explosives,
Markers

Electrical Power

Radio/Radar (Comm & DF)
J

Survival Equipment

ONE MISSION RELIABILITY GOAL - 99.95%

ONE MISSION PREDICTED RELIABILITY - 99-_%

Dperat_n
_ime
Per
4ission

(m-s)

0.2

one

cycle

o,_

12

one

cycle

12o4
,,, ,

72.4

72

; Predicted

Failure Rate

per
Mission

0ooo]38

oO00O15

.OOOl1?

.oooo55
ii

.000240
i

em_Q

°O00OIO

.O00001

.O000?2

% of Total

SubsyS_,em
Failure Rate

per
Mission

2.315

., 180056

80488

37.o3?

1.543

0.154

Ii. III

Predicted

Reliability im

Missions Be-

tween Failure

7246

8_49

1818a

4167

Hm*

IOOOOO

I00OO00

13889

- 7 -
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Flight Contr01

0

0

50

o

The first reliability analysis for the flight control subsystem

was based on the following:

A. Auto pilot and back up - Dyna Soar I.

Bo Hydraulic Circuitry and Control - _V Feasibility
Survey, Vol. I, Part 2o *

Co Hydraulic servo actuators and Surface Controls - RSVP-2,

Volo If.

With an allocated mission reliability of 99.6_ the estimated

reliability of this configuration was only 93°06%.

Several reliability problems were encountered _nd had to Be

corrected as shown in the Flight Control Subsystem _ununary
and the Reliability diagramSo

AO The six dual servu actuators were exposed, during free

flight, to h_rd vacuum as well as temperature extremes

for 338 hours; after which they were activated and used

1.2hours darin E re-entry. Failurec would have resulted

from complete loss of hydraulic fluid with resultant

out-Easing and destruction of organic seals, rod gallin E

due to evaporation of hydraulic fluid lubricant, gas

entrainment in the hydraulic fluid, etco Hydraulic
system degradation due to actuator leakage alone during

free flight contributed 84°54_% to the unreliability of

the flight control and sub-systemo The elimination

of this source of unreliability by _ome means such as

frangible or flexible actuator covers was necessary.

If the le'_k failures could not be substantially reduced,
it became expedient to consider other type control

systems, i.e. hot gas servos, etco

Bo The auto pilot back-up switch and common electrical

components each contributed 4_86% to control system

unreliability. It was feasible to i_prove the missions

between failure from 286 to 858 (threefold gain) by

careful design and selection of components _ pa2tso

Co The system employed one auto pilot and one manual back-

up control system. Redundant auto pilots and/or manual

back-up control would improve reliability from 95.06_

to approximately 95o58%o Although this was a significant

gain, it was small compared with the gain to be made by

actuator leak elimination.

Design changes were made and the hydraulic flight control equipment

were replaced by hot gas servo actuators! improved electrical

- II -



FliKht Contro! .

components and redundant autopilots were also incorporated, A
--second reliability analysis (see Flight Control Subsystem - Hot

Gas Summary and the accompanying Reliability DiagTam) was made

and reliabilit_ improved from 93o06_ to 99.65_. This later

estimate equals the goal; with carefttl design fabrication and

uae, it appears that no ma_or problems will be encountered and

that the goal could be met in the operational Apollo°

j.

- 12 -



A P O L L O S Y S T E M *.P:'_

PR_Ir_INA_Y _IA_ILI_ ZSTI_ FO_ SVACEC_C_A"_,_

FLIGHT CONTROL SUBSYSTEM ...._-_ [_ /

O._E MISSION RELIABILITY GOAL - 99.65% _""/./_/"

ONE MISSION PREDICTED _*tE,LIABILITY *_ 9)oO6W

COMPONENT

Auto

Pilot

Auto Pilot

Backup Switch

Common

Electrioal

Free Flig_
Orbit

i

Reentry
i

Total

Orbit

Reentry
i, i , i

Total
II

Free Flighl

Reentz7

Total

3ommon Hvdraulice-Reen,_
Servo Actuator Switch

Reentry
ACtua%or K_d. Subsys_o -
Reentz 7

Servo Ac tuators-Reentry

$1ectrical Subsys tems-
RAentPv

w

_urface Controls-Reentl7

_ydrauli¢ Leaks-Free FliEht

Time

per
Mission

,t 338

1.2
ii

7 ,

3)8
i i i i,

1.2
i i

339.2
III

3_

1.2

._39.2

1.2

1.2

1.2

1.2

.72u

Predicted

Failure Rate

per
Mission

.00_552
|,

.oooo04

.003556

.oo_)8o

°000120

.oo_50o
I I

.0o)_8o

.O00120

.00025_l

.ooo18o

.oooo19

.0000_0

°000009

.000072

% of Total

Subsystem
Failume Rate

per
Mission

.9_
| i ,i

0.006

4.942

_,.697
i |

o.167

4.864

4.697

0.167

4.86_

0.350

0.250
, 1 ,

0.026
i

0.042

0.01_

0oi00

IPre ,;ted
Reliability
in Missions

Between

Failure

282

2500o0

282

296

8)5_

286

296

8333

13968

5556
l

52632

33333

Iiiiii

13889



APOLLO SYSTEM
tl

PRELIMINARY RELIABILITY ESTIMATE FOR SPACECRAFT

FLIGHT CONTROL SUBSYSTEM - HOT GAS

%

Goal - 99.65%

Estimated - 99.65%

F

COMPONENT

L_, " '

Auto pilot with
Manual Backup

COmmOD

FJ.ec trieal

_'ree J_light
Orbi_

_ree, Flight

_eentry

total

_ot gas generator Reentry

Serve actuator Switch

Reent_

Serve actuators - Reentry

F_ectr_cal Subsy_e tern8

Reen_,_

,Operati
Time

per
Mission!

Predicted
Failure Rate

per
Mission

.0OOO10338

1.2 0.O000OO O

_39.2 .000010

338 ,O01690

1.2 °000060

% of Total

Sub sys tern
_ailure Rate

per
Mission

o.28

0.28

.55

1.72

339.2 .00175 5O.27

_.2 .000580 16.66 1724

1.2 .000180 5.l? 55_

1.2 .000870 24.99

i1°2 i "000009 .... .25

Predic ted

teliability iz
Missions

Between

Failure

i00,OO0

H |

I00,000
,,,,,

592

16,667

571

1149

iiiiii

- 14 -
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Power Subsys tern

lo

0

,

,

The first reliability analye_s for the power subsystem was

based on the _SV Feasibility Surveyt Vol, l, Part 2. In
this configuration, primary elect_ical power was supplied from

solar cells during illum_nated flight and from reciprocating

internal combustion engine D. C. generator power sources during

periods of da_kness; durin_ reentry, the reciprocating engines

coupled to the D.C. generators and to h_draulic pumps were used

to meet reentry power loads. The total time of operation of

the reciprocating e_ne8 was assumed t6 be approximately 4 hours.

With an allocated mission reliability of 98.7_, the estimated

reliability of this first configuration was 98.7_%.

No significant problem areas were noted from this analysis,

although it appeared that improvement could be made in the

following areas:

a. The static inverters, although redundant, contributed

3_o8W to subsystem unreliability. Definite reliability im-

provement should be possible and reasonably expected.

b° The reciprocatin_ engine hydraulic power equipment

contributed approximately _0_ to subsystem unreliability. It
appeared possible that definite improvement could be made in

this equipmento

Subsequent spacecraft design and mission employment chan_es

have made power supply charges necessary. For example, hy-

draulic power requirements were eliminated when hot gas servo

actuators were substituted for hydraulic se_o actuators in

the flight control subsystem; the elapsed time of flight durin_
dark periods was increased substantially. It therefore became

necessary to study alternate power sources in order to arrive

at an acceptable spacecraft power configuration°

One electrical power source trade off study has been made

comparing solar cells, thermoelectric generators, thermionic

generators, and fuel cells (see comparison chart). These

trade off studies will continue as necessary until the desired

equipment have been selected. Reliability analyses of the

complete power subsystem are being coordinated with trade off

studies and will continue for the rema£_ of the periodo



4!̧

APOLLO SYSTEM

PRELIMIN;_Y RELIABILITY ._STI_.L%TE FOR

Power Subsystem _k,

ONE MISSION RELIABILITY GOAL - 98o75%
/

ONE MISSION P_EDICTED RELIABILITY - 98.74% "_°_

COMPONENT

Dperatin 4
Time

per !
Mission

(Hra)
I

Solar Arrays

Battery-B0oster

Comb%nation

Generators

D. Co Bus

Static Inverter
, ....L i,,i,

Ao Co Bus

Wires,"lamps, switches!

, Hydraulic PQwe__

outlets, connectors,et_
i

Reciprocating Engine/

335

335

3065

335

335

335

: 335

Failure Rat

Per

Mission

Predicted

I

-10

.. 7.17 x lO
-i0

1.24 x I0

'' -_

% of Power
Subsystem

Failure Rate

Per Mission

I

-6
6xlO

-6
ixlO

I ,

_edicted
Reliability

lissions-Be-

;ween-Fezilure
I I ..

1.395 x 10 9

8,O64 x lO 9

4o352 x IO o003
. , .. . , .

-3

4.48896xi0 __35.8

13.4
-3

1.6850 x 10,

2029 x 106

223

- 18 -
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APOLLO
lJ

/ L.'¸',4,_.

SYSTEM

COMPARISON OF ESTII.blTED RELIABILITY OF VARIOUS

TYPES OF PRI[-IARY ELECTRICAL POI_E_ SOURCES

r
U

L

_C
!E
!L
IL
im

!

Primary Power

Source Type

Solar Cells

Thermoelectric

Sing2_-_ 2-H 2 eqpt,
Fuel. Calls,&H_O,Re-
movaz _qp_san_s;

Two isolated single

systems

_araAAe± _-H2_q_t.,

_d H20 Removal eA_t_

ucl Gall of 42 mle-

Thermionic

Call Connection

Schematic

k '-

rIII-Io4IIi

[I1-12_U
i , ,, ,,

Parallel

Elements

Required

I0

i0

i0

8

8

40

Parallel

Elements

Installed

I0

Ii

12

12

Mission

Operating

Time (hrs)

_40

34O

340

340

340

340

4o

4O

8o 340

40 42 340

,, .I

8 8 340

8 12 340

Predicte

Reliabil

_t_-_:
tween-

failure

l_O

40_000

lO 7

1o8

1522

25°6

685

2857

l _ 4

nSo
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DISPLAY I_STRUM_NTS

Io

o

The display instruments configuration used in the reliability analysiz

are based oil the MLV Feasibility Survey_ Volo I, Part 2,

It has been assumed that they are necessary for the safe conduct of

the mission and are therefore classed as a subsystem. Additionally,

7arious other subsystems are equipped with instruments necessary for

_roper equipment operation - these instruments _are separate from the

display instruments and their unreliability has been charged against

their respective subsystums_

The types of displays that will ultimately be used have been assumed

to be as follows:

ao Galvanometer Type

(1) Velocity

C2) Altitude

(3) Position and Course

(4) Structura_ Temperature with Thermocouples

_5) Control Position

(6) Electrical power_ Voltage and Current

(7) Cabin T_mperature

bo Cathode Ray Tube

(i) Attitude

c, Bou_vdon Typ_ Pressure Gage

d_

(I) Suit Pressure

Cabin pressure indicators use a pressure transducer and a

galvanometer type indicator° Rate of change of pressure is

indicated by ao aneroid type indicator similar to a rate of

climb indicator_

e_ CO_ partial pressure and O_ partial pressure is indicated by

Be_lunan Instruments Inco g_s analyzers consisting of CO 2 and

02 sensors_ high gain amplifiers and galvanometer type meters°

As uhown in the Display Instruments summary_ single instrument

reliabilities were first analyzed (Non-Redundant I) (see Reliability

Diagram I-no redundancy)_ The one mission predicted reliability

for the non-redundant equipments was 97_69%_ well below the goal

of 99_55%,

By adding redundancy to those instruments which open-ate for 340 hrso

during the mission,: (see Reli@billty Diagram II-limited redundancy)_

the o_ m_-on estimated r " _e_t_to 99,96%_

- 21 - ^_J



DISPL,_Y II4STRL_;E_TS

6_ It was concluded that the reliability goal could be met and probably

exceeded if adequate redundancy is maintained whi_ie using si.@le

standard aircraft type instruments° It must be pointed out that

the choice of complex sophisticated instruments could substantially

reduce reliability°

- 22 -
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APOLLO SYSTEM /

PRELIMINARY RELIABILITY ESTIi4ATE FOR SPACECRAFt. / ,' ,_
l

DISPLtY IN_TRUI ,Ea_TS

ONE MISSION RELIABILITY GOAL - 99°55% "
<Non-Redundant - 97069% "_

ONE MISSION PRI_DICTED .,'_,_IABILITY &I_._lted Redundancy - 99.96

COMPONENT

Velocity

Altitude

Attitude

Acceleration

Position & Course

Cabin Pressure & Rate

of Change of Pressur.e

Suit Pressure

Structural Temp.

Control Position

_lectrical/Hydraulic
FDwer

Warning Signals

Cabin Temuerature

CO_ Partial Pressure

!.O_ Partial Pressure

Opr
i

Tim_ Predicted

per Failure
Mis
slo Rate per
hrs Mission

20 .000060

20 .000060

40 .OOLO2O

4 °000036

20 o000120

i40 .004420

i40 .000340

340 .ooo68o

2 .oooo8o

340 .004080

340 .000680

!Non-Redundant I

'_Total.

5ubsysten

Failure

_edicted

Reliabil-

ity in Mi,

sions Be-
tween Fail
i

Limited Redundancy II

Freaicse_

,redicted % Total Reliabil-

Failure _ubsystem ity in
"Rate per Failure

ra_e per Missions
Mission _ission Bet .Failu:

0.259

0.259

4.409

o.156

o.518

19_104

1.470

2.939

0.346

17.635

2.939

16667

16667

980

226

2941

1470

12500

245

1471

.oooo6o

.000060

.000001

.ooo096

.000120

13.216

13.216

0.220

16667

16667

lO00000

2777870930

26.432 8335

_O00019 4o185 52632

.000000 0.0 ---

.000000 0.0 ---

.0oo080 17.621 12500

.ooool7 3.744 58824

.O00001 00220 1000000

34o. _ooo68o 2.939

34o .0o5440 23o513

1471 .... 000000 0o0

184 .00OO30 6.608 33333

!340 .005440 !23.513 laA .00oo3o 6°608 33533
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ENVIROnmENTAL CONTROLS

t

The first reliability analysis for the environmental control

subsystem was based on t_e MLV Feasibility Survey, Vol. i,

Part 2 plus the addition of a molecular sieve CO 2 absorbing
device o

0 With an allocated mission reliability of 98.5%, the predicted

reliability of the original configuration was 83.88%. The

failure rate required reduction by a factor of 11.7 in order

to meet the goal.

Analysis indicated that significant gains in reliability

could be made in the following areas:

a_ Mo!ecular Sieve

I) From published data, it appeared that both the

synthetic _eolite and the silica gel cycle ab-

sorption times could be modified so that the

equipment could operate at a reduced capacity
in case of partial subsystem failure° By slight

changes in plumbing, operation with greatly im-

proved reliability could be achieved. This

would not increase the electrical load.

2) Three of six valves were continuously exposed

to hard vacuum° If this number would be re-

duced, significant gain in reliability and

safety would result. Further, a reduction in

weight might be realized since hard vacuum

plumbing would be heavier than ventilation

ductwork.

3) Silica gel heaters heat 100% of air passing

through the system. Direct oven type heating

with minimum air circulation can be equally

as effective. No gain in direct system weight

but a significant reduction in electrical and

heat exchanEe loads can be realized. This

would directly improve power system reliability

(greater safety marEin)o

0 It appeared that the controls system could be

simplified and some redundancy IncorpOrated.

Further, standby means could be incorporated

to permit manual operation of the system.

b, Gas Supply

The mission module is intended to be discarde_

prior to re-entry. This technique makes the location

of redundant equipment critical since a backup system

b
26 -
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may have to be discarded when it is critically needed.

Those backup _systems needed for re-entry, therefore,

must be located in the command module. In the original

_onfiguration, the backup oxygen and nitrogen supplies
I.

were located _n the "throw away" mission module. In

the current configuration_ a high pressure backup supply

has been incorporated in the command module for use

durin_ re-entry or during any emergency. ,

After the incorporation of changes, a reliability analysis

was made of the second configuration. This design in-

corporated the following modifications.

ao Coolant circulating pumps were changed from positive

displacement pumps to submerged centrifugal pumps°

b. Rearrangement of plumbing

Co Manualcycling of the molecular sieve

do Modification of valves in the molecular sieve

eo Reduction in the number of lines and fittings by

use of welded plumbing in modular equipment units

f. Use of gaseous N 2 and 02 equipment for reentry gas
supply.

In order to take full advantage of the molecular sieve mod-

ificationsg a redundant blower had to be added; without it,

a i% reduction in reliability was estimatedo

The second configuration analyzed has an estimated reliability

of 99°54%, somewhat better than the subsystem goal of 98o50_

In views of the results of this analysis, it appears that

the operational Apollo Spacecraft should meet its reliability

goal.

- 2? --



A P 0 L,L 0 S Y S _ E M .

TPRF/j_KNARY RELIABILITY ESTIMATE FOR SPACECRAFT

,F2NIRO_4ENTAL CONTROLS SUBSYSTEM

ONE MISSION RELIABILITY C<)AL 98°50_

ONE MISSION R_DICTED P3AIABILI_ 83.88%

jOMPONENT

Date December 14, 1960

Dperating Predlcte4
Time Failure Rate

per per
Mission Mission

°o008736

,¢Y309160
' ' ,L ,,

340 o1013_0

339 .... o01_9z9

zo2 _oo0_86

•, .oo88619

.0001748

c0090367

339 ,0052306

1o2 .O001032

% of Total

PaAI_ Rate

,,o,zsu_o_;...... Bo7_7

• 5°o431

Predicted

_Isslons

°o587

572o

1.11

190

970o

To_ .itre_n_A.m=n_......3_o ..oo53338
i ..... _" '- J .L.--r -- .

-mha_w co..=,oz-
Launch & Free Flight

Hu=ta±_ _on+.r_z

Atm_spherlc Residuals --

Launch & Free Flight

_e-entr_

TOTAL Atmospheric Residuals 1
_qu_pment

339

Io2

3_o

339

1o2

3_0

_0017990 1,,0238 556

:oooo3_

=,o0183_
• o, ',

oOOOn33 OoO7.,=;_

oooooo_ oOOZ4

oOOO_57 0°0772

3°0353 188

0O201

1o0D39

28250

7380

Ground cooling flight dsEre-

da%ion of reliability_ 336

TOTAL Ground Cooling,

_r_und &_l_i_t 340

Molecular Sieve

6a_ • _uA_nt coo:z.tng-
Umnc_.,aF_ ._!_% ,.
Cabin & Eq%tipment Cooling

Re-entaW

Oxygen Supply -

_unch & Free F!i_ht 339

Oxygen _upply -

TOTAL O._rgen Equi_preen%...... 340.

Launch a Free Fligh%

Nitrogen Supply -

_n_

°o_4

_r _tssion Failure
..... , . • , ,

O _02_ _ " _3_ ....

0.4972 1150

0o_213 "zO_O

5706723 9°86

8.6_;3

ooz_ _ooo

6_

113



C 0 _'PO NE NTI-,.

Lines, _%tings,Controls -

Lines, Fi%%in_s, Cont_Is-

TOT_I Lines, Fittings,

Tunnel - Re-entry

•
Tiara _ailure

per I perI l:Rssion 2.Rssion

1o2

lo2

3_

Sep .aration Co.,upllng_Valve s

He-enter Cooling Degradation

_Juring Free Flight

.,oo2o_89 ..

o00ooh_

oooz_o3

_0000120

_o0_512

_039_792

% of To%al

._ailure Rate

per Mission

0°0068

OoO_0

• 22o_O

Reliab_li_ i
Missions

Failure

467

833OO
' 1 ' _J

662O

25
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" APOLLO IS Y S T EM

PRELIMINARY RELIABILITY ESTIMATE FOR SPACECR-_"T

ENVIRONMENTAL CONTROLS _UBSYSTEM

ONE MISSION RELIABILITY GOAL

ONE MISSION PREDICTED RELIABILITY

Operatiz
Time

C 0 M P 0 N E N T per
Mission

Ground Cooling (in use) 4

Predicted
EFailure Rate

per
_£1ssion

.000042

p oround coolin_ flight de-
[ gredation of _eliability 336." .... .000169

TOTAL Ground Cooling,

Ground & Flight

Molecular Sieve

._ (LiOH I _CkUp ) --

Cabin & Equipment Cooling!

Launch & Free Flight

Cabin & Equipmen_% Cooling

Re-entry

TOTAL Coolin_ Equipment

Oxygen Supply -

Launch & Free Fli_h,.t 339

Oxygen Supply -

Re-entry 1.2

TOTAL Oxygen Equipment 340

--Ni'trogen' _Supply -

, ..... ,,.. _-.... _'1-, ,.-_..,- 339

Ni__r_ogen Supply - Re-
._-.y lo2

TOTAL Nitrogen Equipment 340

Humidity Control -

L_unch_& Free Flight 559

Humidity Control -

Re-en try i o2

TOTAL" H_m.idlty Cont£ol II

_qpto 540

% o_ Tq_l
lSubsystem

Failure Rate

per I._ssion

.I

.91

3067

340 .000211

340 .oooooi

339 0000440

lo2 .000180

3_0 .000620

4.58

.02

Predic ted

Reliability

in I_ssi ons

Between

Failure

23809

5917

4739

1190009000

9.55 22?2

3.90 9555

13o45 1612

833
I. .90Z200 26004

.00OO52 1.12

.001252 27.16

0000460 9.98

,000004 .O9

19230
I .

798

2173

2_oooo

.000464 10.07 2155

2 Oi_ l

! 076

2.91

°000099

.oooo35

o000134

I i0_I01

2857l

339 o000001 002

1o2 °000002 .04 500000

7462

lO00000

^O6

Atmospheric Residuals -
Launch & Free Flight

Atmospheric Residuals -

Re-ent_.y

TOTAL Atmospheric Res-

iduals EQuipment 340 °0oo0o3
,

_O



Uperatin

Time

per
C 0 M P 0 N E N T Mission

Launch & Free Fl_ht _q

Lines, Fittings, Controls

Re-entry 1.2

TOTAL Lines, Fittings_

Hatch 102

Separation Coupling Valves 1.2

Re-entry Cooling, De-

gredation During Free Flig _t 336

_Predic ted
._ailure Rate

per
Mission

i

_001 _ cif'l.

°000041

.000006

.000076

.000111

of Total

Subsystem

Failure Rate

per l_ssion

36.67

_89

.13

1.65

2.41

Predicted

Reliability

in Missions

Between

Failure

591

2A39 n

166667

, ; ++ ti
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•qeaction Controls and Mission Control and Abort Propulsion

The configuration used in the reliability analysis is the

current design described in -_M-17 "Apollo Orbital Rendezvous

Study"

2_ With an allocated mission reliability of 99°5% the estimated

reliability of this configuration is only 73°57%°

Q Several gross reliability problems were encountered as shown

in the subsystem reliability summary and the reliability

diagram_ and are listed belo_v along with sugEested corrective
actton recommendation_:

Common _ressurizatlon - This is a conventional single

helium pressurization system used for propellant feed

to the attitude and vernier engines as well as for control

of the mission control and abort engine. Pressurization

fsLilure can result in complete loss of all spacecraft

control and total loss of space abort capabilityo Complete

standby redundant ures_-urizatio_, equipment would reduce the

mission failure rate from °023870 to approximately o00031

failures per mission_

b_ Common Rnmbing - A loss of function or a leakage failure

in either N_O 4 or N2H,_ 1.ines and fittings will result in
a complete _oss of attitude and vernier control alo_ with

all space abort capability. Suitable bypass and isolation

valves alo_ with ap_.ropriate redundancy should decrease

the mission failure _@te from °122760 to approximately

°0069 _ _ -

C_ Attitude Control Engin_es- The present configuration

incorporates two complete sets of attitude control engines

in active parallel redundancy which have a total effective

failure rate of .08450 for mission. If the engine sets

were isolated by suitable valvingc the complete set of

control engines could be used in standby redundancy and the
mission failure rate would decrease to °0449. If the engine

sets were so arranged that each engine were isolated one from

the other, the mission failure rate would decrease to approximat,
oOO81 o

do Mtsslon Control and About Propulsion - It is estimated that
_he" "combin_on'of pumps_ turbine, and reduction gear

cQntributes approximately 49% to mission control and abort

propulsion unreliability. Further_ it is estimated that the

mixture ratio valve and the thrust valve contribute approxlmatel;

39% to the engine u_weliabilityo It appears that a combination

of improved component reliability _lus appropriate redundancy

can be incorporated into the engine so that a substantial

redu¢_tion in unreliability can be achieved°

e_ A.ttitude,_ verniers, and _ssion control and abor.t propulsion
Electronic Control°- A preliminary analysis indicated that

one single set of reaction engine controls would yield a ._

reliability of only 95_75_o It was therefore necessary to



4_

emglnes_ and th2 mission cor;.trol engine each utili_e

sequet_tial redundant electronic control equlpment._

Based upon the analysis it is reasonable tc assume that with suitable

design modifications_ the reliability of the reaction controls and

mission control and Abort Propulsion Subsystem shmuld meet the

assigned reliability goal of 99.50%° A subsequent analysis will be

made of the subsystem during the study phase°
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APOLLO SY S TEM

PRELIMINARY RELIABILITY ESTIMATE FOR SPACECRAFT

REACTION CONTROLS AND )_SSION CONTROL AND ABORT PROPULSION

ONE MISSION RELIABILITY GOAL 99o5%

- C O M P O N E N T

ONE MISSION PREDICTED RELIABILITY 73o57%

O_era_
i_ time

per
mission

I|1 I

Trana Lunar _light

Injection, orbit

TTan8 Earth Flight

Reentry

Total Comm@n Plumbln_,
,i

Attitude Control

Trans Lunar Flight

Injection, orbit
i i ii

Trane Earth Flight
,i

Reentry

Total Attitude Control

ill !

lp8

1

Predicted
Failure Rate

per
mission

.056880

,oo864o

oO5688o

0000360

.122760

,i

158 °000090

24. ,000080
i1,1

zp8 oOOOl26
i ii

1 _000400

o000696

% of total

subeys,tem
failure rate

per
mission

18.5)65

208157

1805365

.1173

40.0060

.0293
, I

0o26l

,0411

.13o3

0:>:>68

A4-4,4 hlR= _.._1'l_l'.wfll _..n_l_nlI, JI
-In'u-

Predic ted

Reliability
in missions-

be tween-
failure

17.6

115

17o6

2,778

801

Ii.iii

12_500

7_936

2.,500

1,4)7

Trans Lu-,_ FliEh t
i i

Injection, orbit 9

Trans Earth Fllght

Reentry

Total Attitude Control

1
i,

o039500 12 .8726 25 o3

1 o2711 256,oo39oo

oc395oo

oOO.V;oo

°0845OO

la,8726

,5a14

27.5377

25 0.5

625

ii o8
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ONE tliSe.7'0R REL: "'*_ r,-, *;_.,_. _.. GOAL 99,5%

0'_ tiZSsiO_'{ PeE_ICT];D Pd:L_,:A_ILmTt_ 73_5?%

I

J

{

COMPONENT

Vernier Ccntro]

Trane Lunar Flight

iajecti on_ orbit

vTrams E1rth Fl_gbt

Reentry

Total Vernier Control.

Operat_ I P[edlcted

irAg tim_ F_;.i].ure Rate

pe_ ' per

m_ssion I _ission

L .......

[
1 1 _0o0005

,000003

% of to_al

su _ cy s@.em

failure rate

[,er zissl o_

Reliabili t:2' !

[iu ml3sic.*_.s_ i
o.'- tween !

failure

,o,016

.0033

,'0,,.. OOO

2C,C,...000
1, i ,00!6

!O0..OOO

250_000 !

Main Pro_ulziom

To tal l)egreda ti on=Tran.

Lunar FliF.h t '

Main Propulsion Control

Main propulsion Engine

Total Main Propulsion

TOTAL 0 2 SUFPIX INJECT°

_- | , tr , |.,, ,

TOTAL H2 SgPPL_

TOTAL RATE PER MISSION

I
I

I ,.1._8

2 cycles

2 cycles

1

1

4
I

i ,.oooo2h-

..,_q36£7o

o0(X)O1D

0030870

0067850

.oooi 

o3O68 h

.w

,%
•_>.,04:.0

10., 06,?.

22o184

.o54 

.o5 

4!.66_

2700

100 000

32oh

14 o73

5_988
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Guidance

/
1o The first reliability analysis made of the guidance subsystem was

based on the MLV Feasibility Survey, Volo I_ Part 2o

2o Specific component analyses were based upon the following:

ao Star Tracker° GPE_ E5©50 Kollsman, ITT Laboratories

_O

bo Horison sensoro Cor_csl Scan Sensor designed by Barnes
Engineering Company, Stamford, Connecticut°

co Computer

(I) D_OAR I
(2) Kearfatt CGHS used in Navy WV-2 and Air Force R3-121

Earl_ Warning Search Aircraft

do Inertial Platform

(1) DI_A_OAR I
(2) Kearfatt CTRS as in C (2) above°

It was assumed that the guides subsyste_ would be in operation
as follows:

ao Launch Boost - Star Traeker_ Horizon Sensor, Inertia].
Platfcrmj and Computer _ 0.208 hot,_s,

bo F_ee-flight add Lunar Orbit - Star Trackerp Horizon Sensor_
Inertial Platform, and _cmputer - 20 hours°

Co Reentry-Xnertlal Platform and Computer - lo2 hours

As shown in the eummary,'slnEle component roliabilities were

first analyzed (See Reliability Diagram, Non-Pedundant)o The

one mission predicted reliability for the non-redundant components
was 92.25_, well below the goal of 97.55_. By duplicating all

equipments and adding back-up switches, the one mission estimated

reliability was improved to 990?2%° It appeared that the reli-

ability goals could be n_t on_ if redundant components were em-
plcyed.

A seoond reliability analysis was made subsequent to a design
change° This subsystem is described in TM - Gu/danceo Based

on this configuration, the following assumptions were made:

ao The digital cumputerz are in active parallel redundancy when
operating° They are operating for 34 hours during trans
lunar fligh_ lunar orbit, a_d trans earth £1ight_

.-._ ....... _._ ....... '-'i _ .-i! '



o

.7.

bD The astro inertial platform is assumed _o be operating
time during the mission° The back up platform is

in active parallel redundancy during pre coast and post

coast boost, during injection into trans earth traJeotory,
add during reentry a It is in sequential redundancy during
all other periods.

CO The auto-manual tracker is assumed to ,be operating a
total of 3_ hours during trans lunar flight_ lunar orbit_
and trans earth flight°

As shown in the summary, the one mission predicted reliability

was 97o55%_ exactly equal to the goal. It appears that this

estimated reliability may be significantly improved in at

least two ways:

ao Use the digital computers in sequential redundancy rather
than active redundancy.

bo Include earth back up guidance information for certain
specific mission phases°

In view of the results o£ the first tw encases, it appears
that the reliability goal for the guidance subsystem can be
met°

-- 42
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APOLLO SYSTEM

PRELIMLNA_ RELIABILITY ESTIMATE FOR SPACECRAFT

GUIDANCE SUBSYSTEM

COMPONENT

ONE MISSION RELIABILITY GOAL - 97.55%

_ Non-Redundant 92.25%

 ION "

Non-Redundant Redundant

Inertial

Platform

Computer

Launch-

Free Fli_

Reentry

Opro

Tiae

per
Mis-
sion
hrso

rLJ ,r -- J

.208 1

Lt20

'1.2

Back up

Switching

Horizon

Sansor

Total

Launch-

Free Fli-

mht Orbit 20

Reentry 1.2

Total

" _unch - I

Free Fll-

ght Orbit 20

Reentry 1.2
j=

Total

Star

:La_,ch

,Fr_ Fli-

ght Orbit 20

Total

'Launch
_n_t .208
Free Fli_ %

Prediot_ % Totai Predicted _e_ct, d % Total Predicted

Failure SubsysteB Reliabilit Failure _ubsystem Reliabilit
Rate per Failure. Lu Missio_ Hate pez Failure in Missio_

:Mission Rate per Between Mission Rate per Between
Mission Failure Mission Failure

-- • ,,, , _ ,

:0002300 2 o855; 435 °000005 00181 200000

.002220 20755 450 oO0000_ O,181 200000

'I

.013270 16oh7O 75 o000176 6o386 5682

.017790 220080 5;6 .000186 6°749 5376
,,,

°005940 70373 168 10270 28571

00356o0 _.186 28 °001267 _50972 789

, o047711 59.218 21 .00134o h8._1 746

io

.P/_...R|! 3_ln|,a

I
110n_

l¢=eD D,m_ • 000800 29.028 '

0000288 100450

_50

3472

, ,, ,, L,

°001172 42o526
r I I I

853

._'_4372 _;.h26 229 .oooM9 o._89

0oooo18 00653

.o0oo37 10342

°004200 50213 238

0OO8572 L0o639 117

,_00_16 h_.I16

_;263R

555 6 _

27027

_ong,. ,

Tracker
Orbit

Total

20 .003180-3°947

.00_96 :8o063

314 ._i0 0036,3 ,, '..o0o0o
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PRELIMINARY RELIABILITY ESTIFATE FOR SPACI .....

REACTION CONTROI_ AND INJECTION PROPULSION SUHSYST_

ONE MISSION RELIABILITY GOAL 99°5%'

ONE MISSION PREDICTED KF/JABILITY 99°56

im

COMPONENT

Astro=Inertial

Pre Coast

Coast
....... , , ,

Post Coast Injection

Trans Lunar Flight
ttt| t ll| i i

Lunar Orbit

Injection Trams Earth

Trans Earth Flight

Reentry Maneuvers
|

Reentry

TOTAL Astro-Inerial

DIGITAL COMPUTER

Translunar Flight

Predicted
Failure Rate

per Mission

L

OOOOOO

OO00OO

0OOOOO

OO098O

!00243o

0ooo95

o01700

000010
,,,,, , ,

oo12ko

oo 55

%of _otal

Subsystem
Failure Rate

Per Mission

Operat_
_g time

per
_ssion

o21
i.

o139
, | ,,,

0052

168
Ht | t

2°4

ol

.1

1

,,i,

17

17

17.

17

0

30959 1020
. ., , | ,,

90817

0383 10,526

60867 588

00403 iOO,O00

5°0o9 806

26°075 155

17o37

Predicted
Reliability in
missions bet-

ween failure

233

Transearth Flight OII(X)O 46086 86

TOTAL Digital Computer 015900 64°22 63
,,J •

Auto-Manual Tracker
, , , ,L

,_001200

OO12O0

002400

Translunar Flight

Transearth Flight

TOTAL Auto-Man_ Tracker

833

" 833
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{ S +
Stmctur_

I i

Assuming that stren_h will be _onnally distributed_ and

that the Factor of Safety is I.4

Reserve strength = difference between l_ad and strength
distribution

Then 1
R . I -Fs

ii

Cv

Cv = coefficient of variation of reserve strength

FS = Factor of Safety
R - Number of standard deviations (directly convertible to

reliability value°

Let Cv - .075 (based on good quality control_ worknanshipj
machine process controlj st, Co)

1
a..- 1 ._1--_. o286

it •, _ s 30809..3 standard deviations
i , ii

o07_

R - 099993

+.

h8



. ._
'/_" ,_ _-_ _7 _ ,' _ "" ; _ ,I [_

Com_micattorm and Telemetry

1o The reliability analysis for the comnmications and telQmetr_ sub-

system was based on the Apollo proposal configurations° It was

assm.ed that two requirements had to be met in o_er'to successfully

accomplish a mission:

ao The first requiremen'_ assumed that command reception, voice

reception and transmission 9 and range transmission were necessary

up to injection into lunar orbi%.o

bo The second requir_nent assumed that range and command

functions were necessary from the beginning of injection into lunar

orbit up to reentry; ioeo voice reception and transmission was not

required after injection into lunar orbits° It was further assumed

that the telemetry and range transponders could, when necessary_ per-

fo_ the same functionj and that both could also substitute £or the

voice transponder.

20 With an allocated mission reliability of _.0_, the estimated rell-

ability was 98.05_o

3o The reliability estimate for the first requir_.ent was found to be

o98_I _ somewhat below the o99 requlr_ment selected for the com-

munications and Telemetry System°

The range code modulator was found to be the major unreliability

conta-lbutoro

Several solutions exist° A concentrated effort might be made to

improve the reliability of the range code modulator or redundancy

could be utilized° The latter solution would increase the weiEht



and cou2.d increase the po_er _on_umption depending upon the type of

redundancy selected°

Using time sequenced red'A_dancy for the range code modulatorp

incorporating a s_tchin_ devi_ having a reliability of abo'at °9645

would result in a 09907 reli_bfLity at this point°

The reliability for the seo_nd reqt_irement wao estimated to b_

°8983° Again several solutic_ns _xlst including a co:_centrated design

effort°

Again the range code moc!ulator is the major unr_,liability con-

tri_atero Utilizing time seq_.en_ed redundancy for the range code

modulator incorporating a "perf6_t" _wltchir_ device _creases the

reliability to o9519o

Utilizing time sequenced redundancy in the transponder combi_uation

(with a perfect switching devioe) along with time sequencing the

range code modulator increases the reliability to °9803 for the secor_

requirement° It was assumed that the time _equenced unit would be_

gin to operate after both the rauge and telemetry transponders had

failedo

Simple redundancy above then iz not sufficient° A cc_:bim_tic_ of

a concentrated design effort in 5he range code aodulator and trar_ponder

areas, selection of improved par_s as "well as redundsucy utili_ation

will be necesssa-y to meet the goal u_,der the assumed conditi,_ and

requirements o - "

._ k. _,, ,...'





.Apollo Mission Reliabilit_

The mathematical e_pression for Apollo lunar mission reliability

where RB = reliability of the Saturn C-2 booster '

= reliability of the Apollo Spacecraft

H_ . probability of no unexpected mission enviro_ental conditions°

The figure entitled ':mission reliability" shows the product, RB _
as a function of booster and spacecraft reliability° At this stage_

a firm number for _ is expected by the end of the study° Further

coordination with NASA personnel is reqaired, however, to obtain a

value for RB the miselon reliability of the Saturn 0-2 booster° The

resultant product RB RS must be multiplied _j RE to obtain total

probability of mission accomplisbmen%o Some estimates are expected

for certain environments by the end of the study but a considerably

greater quantity of data will be required in the future to fully assese REo

The full evaluation of all three of these factors will

yield the desired prediction of the probability of lunar mission accomplish-
ment and a series of sub-numbers which will represent probability of

accomplishment of each individual flight phase° This basis matrix

of numbers can be used to assess reliability of alternate mission and

to indicate those flight phases where abort is most likely to occur.

52 -
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The attached technioal paper demonstrates the basic

mathematical method developed fo_ evaluating crew safety° With
the completion of the matrix of reliability numbers by flight

phase and the evaluation of the probability of emergency return

in a failed vehicle a vigorous detennlnation of orew safety can

be made for the Apollo mission. Both of these tasks are scheduled

for the current study contract and will result in a numerical

prediction of ore_ safety for the Apollo syst_.

5L
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For the configuration discussed, it is seen from Figure 2 that major

gains in crew safety are realized by having the capsule escape mode sub-

stantially more reliable than the airplane or by having the proportion of

failures for which airplane escape can be used as clo_e to 1.0 as possible.

In terms of design of rocket boosters, an increase in k would amount to

reduction in the frequency of failure modes which are destructive to the

airplane or. which otherwise prevent successful separation of the airplane

from the booster under conditions of rocket engine malfunction. A typical

example of a failure mode which lowers the value of k is the occurrence

of divergent vehicle instability following unscheduled loss of thrust. Such

conditions make successful separation of an aircraft extremely difficult

and therefore would result in capsule ejections for the configuration shown.

The addition of fins on the booster would provide a more favorable environ-

ment for separation, thus increasing k.

I

I

Conclusion

In the examples shown, many simplifications have been made for ease

of illustration and to obtain a first approximation to the index of crew

safety for a vehicle configuration. In.. actual practice, a substantial number

of refinements are needed. It is obvious, for example, that the reliability

of the airplane escape mode is not constant throughout boost phase as

shown in the example. This relial_Hity must be modified for modes of

vehicle failure, for initial conditions under which emergency separation

can occur, for the point on the trajectory where maximum dynamic pressure

occurs, for the severity of heating conditions encountered subsequent to

escape and for adverse landing conditions not compensated for by aircraft

maneuverability. Simil_y_the r_liabUity of the capsule escape mode must

consider refinements for_ separatt_, stability, re-entry, landing impact and

post-landing- recovery_'capa_bility, all dependenton the time at which separa-

tion occurs or on the nature:of ti_ failure warra_ting separation. The

omission d these refinements does not imply that they cannot be assessed

in a manner which is rigorous. Considerable information is available to

enable a first approximation for alLfactors listed. The use of these numeri-

cal methods of evaluating crew safety will Contribute substantially to the

design of manned space vehicles of optimum reliability and safety.
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APPENDIX

A, RELIABILITY

The Apollo reliability effort is a technical task directed at

elimination of trouble. During the study contract, problem areas
and weaknesses have been anticipated and corrected by means of

evaluation of proposed designs. During subsequent program plans_.

emphasis will change to the analysis of test data and the solution of

known problems. This present concentration on evaluation of design,

coupled with careful planning for subsequent program phases, is

essential to the conduct of a s_ccessful reliability effort on Apollo°

The tasks which must be performed on subsequent phases have

been identified and form an important part of the overall program plan,

During the present Apollo contract, reliability work has con-
centrated on:

(z)

(2)

Support of the design effort to arrive at a configuration

with high inherent reliability.

Support of the program planning effort to define the conduct

of a follow-on contract for the system.

As a result of this effort the technical and management aspects of the

reliability program have received serious attention.

The program comprises seven tasks:

! o Determination of Numerical Reliability Requirements

Values of reliability consistent with the desired probability of

mission accompli_hmcnt must be established as a basis for evaluating

proposed systems.

2. Deflation of Design.Requirements

The required numerical values of reliability must be translated

into requirements which the designer can fulfill through known design

techniques. At the present state in reliability, only gross rules are

available to identify design features which will yield given numerical

values of reliability. Considerable negative data is availab!e_ how-

ever, to identify design features which will not yield a specific re-

quired value of reliability,

_, Conduct of Design Evaluation Studies

Alternate methods of performing a system function must be

evaluated to select the superior method° Reliability effort in this

area yields high dividends because the emphasis is on comparative

analysis rather than on absolute values of predicted reliability.
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4; Conduct of DeeiKn Review

For the selected system design, compliance or non-compliance

with design requirements must be documented. Most significant is

the identification of requirements for which compliance cannot be

ascertained when the design review is in progress. The progre_

should be carefully reviewed at this point to provide proof of com-

pliance in these unknown areas prior to flight.

_. Identification of Critical Product Chara.cteristics

As part of design review on the selected configuration, this task

provides a means of controllin E the product during procurement,

manufacture_ shipping, handlin E and storage. Failure to identify-

significant product characteristics will result in generalized types of

control methods in the above areas which do not anticipate causes of

product degradation.

6. Demonstration of Control of Criti.cal-product Characteristics

Every inspection or test performed on an article of flight

configuration hardware is intended to prove that certain product
characteristics are under control. This task insures that inspection

and testing does, in fact, provide such proof.

_. Reliability Data Collection and Utilization

Reliability data on tests conducted, equipment operating time

and equipment discrepancies must be collected and analyzed to

determine status in achieving system reliabil_ty and to provide an

organized method for improving system reliability in the areas

yielding the biggest dividends.

The management aspects of the program are associated with

accomplishing these seven tasks on schedule and insuring that the

information resulting from each task is used to influence decisions

in the conduct of the program.

How these tasks apply to Apollo may be seen in Fig. IV-7, which

shows the key events during the life cycle of the Apollo vehicle_ the

program activity required to make each event occur and the specific

reliability effort which takes place as a part of the program activity.

The present reliability effort on Apollo will result in a specifi-

cation which documents requirements for the conduct of the Apollo

reliability effort, a program plan showing the specific tasks which

will meet the requirements of the specification and the detailed

reliability anal2sis performed on the spacecraft systems. Sub-

sequent figures and text show the nature and format of the system

analyses which have been conducted since program inception.
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Technieal Memorandum 8

Apollo 3-D Layouts

Two devices known at the Martin Company as "3-D Layouts"

are being used to advantage in developing the internal arrange-

ment of the Apollo spacecraft. These layouts consist of inex-

pensive wood and cardboard structures which represent the full

scale internal contours of the vehicle. Their value lies in

their use as engineeringlayouts, in three dimensions, as the

name implies°

A 3-D layout of the Command Module has been constructed

for the modular L-2C configuration and for the modular W-1 configura-

tion. Because of the type of construction used, these layouts are

very flexible in apulioationo The L-2C for example, could be con-

verted to almost any configuration, having basically circular cross

sections, and a size compatible with Apollo requirements. The W-1

layout could likewise be readily used to represent other unsymetrioal

body shapes, and was in fact converted from the M-l-1 oor_i_trationo

The contours resulting from this conversion are sufficiently accurate

to be very useful. Should still greater accuracy be necessary to solve

some local problem, it can be readily attained°

Both 3-D Layouts have suffered numerous minor changes. In

attempting to determine an overall optimum arrangement, seats have

been moved, instrument panels reoriented and/or moved, and various

equipment arrangements have been oonsidered_
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Such questions ass "Is it visible?"..... "Can it be reached?"...

"Is there sufficient room to use it?".., can be answered quickly and

completely by entering the le_yout and examining the item or area in

question. Problems involving motion are handled better in this fashion

than by an_ other method°

Very recently an answer to one major question h_s been determined

in this manner° The question, -In an emergency situation, could the

Apollo crew enter the Command Module, then put on a pressure suit?"

No such requirement exists for vehicles in current use and little or no

data was available regarding time and space minimums for donning the

suit, under the conditions mentioned. The num_,er and complexity of

motions required to put on a pressure suit are such that drawings san

Dot be used with confidence to determine the adequacy of an area for

such use° The 3-D Layout, however, is well suited to answering questions

of this type° A demonstration conducted within the confines of the

W-1 Layout showed quickly and conclusively that the suit san indeed be

put on in the available areas

During the above demonstration, a suspicion formed earlier, was

verifieds the side instrument panels must be hinged° An additional

problem was also brought to light l The additional rigidity of the

suit when pressurized prevented a foot and leg motion which is necessary

if the crew member is to pass from the aft to the forward seat;

acoordinglye the seat will either be moved slightly, or the support

structure altered to provide the necessary clearance.

As work on Apollo progresses to a more detailed state, other

problems must be expected° They will be more detailed in type, but the

_-D Layout will continue to provide the best possible solution to man_

of these problems°
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TECHNICAL MLMORANDUM #9

LANDING SYSTEM STUDIES

1. Introducti_n-- The landing system normally brings the vehicle from the

post re-entry condition to a planned earth location. However, it can be

used under all flight conditions including escape from the launch pad.

The s-stem provides stability auEmentntion and deceleration, on-board

terminal trajectory control, surface contact shock attenuation, and

auSomatic location aids for land or water touchdowns. The first phase of

°he landing maneuver starts at approximately 80,000 feet altitude with the

vehicle speed around Mach 2. At 10,000 feet the terminal pha_e commences

using a steerable gliding parachute and ends v_th retro-rocket deceleration

to touchdown.

With the exception of the retro-rocket, the system is designed for

proper operation with any single sub-system failure. Although dual ignition

systems (including dual pyrotechnic igniters) will be provided to insure

retro-rocket operation, this device is too sensitive to ignition altitude

and energy absorption requirements to allow complete redundancy. Crew

survival under all situations is of paramount importance. The best approach

to this achievement appears to be to reduce horizontal and vertical velocity

to as nearly zero as possible at the touchdown point. The high rate-of-

descent gliding steerable parachute and two thrust level (retro-sustainer)

retro-rocket provide this soft landing cagability.

2. S_stems Considered -- In the effort to obtain the landing technique which

best satisfied the aforementioned considerations, a wide range vms explored.

Considerable industry and government-agency consultation yielded basic dnta.

Studies progressed from ridiculous methods, topossibilities, to practicali-

ties, and finally to the selected system.

Those in the ridiculous category were a buoyant, on-board inflated,

hydroEen-filled balloon (42 ft. diam.), an in_lated spherical bag around the

vehicle (53 ft. diam.), and an unassisted retro-rocket _ystem. All of these

with their gas or propellant ntowaEe containers weighed nearly as much as the

vehlcle to be landed. Another in this category was the B_rish 'rYlexi-rotor"

which consisted of a vortex-ring parachute as the hub of a rotor formed of

unrolled, tip-weighted fabric _anels. This wa_ eliminated by inherent de-

..................... u ....................
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ployment problems, non-controlability, and excessive development

requirements.

In the possible category were horizontal landing vehicles. The fixed

wing, "Dyna-_oar" type vehicle involves a weight penalty on the order of

50 per cent and was, therefore, not considered. However, the lentic shaped

and elongate_ Eggere (M-2) bodies may be made subsonically stable by incor-

poration of retractable or inflatable fins and "winF_ets". These vehicles

land at dbout 130 knots and require 5OO0 foot runways but offer many miles

of glide range (4 to 6 times initial altitude based on low super-or subsonic

maneuvering speeds). In addition to their weight penalties, the "abort off

the pad" and the ability to land on unprepared surfaces require _ vertical

landing capability not met by the v_nged vehicles. Therefore, they were

discarded.

As mentioned in the "Apollo F_d-Term Review" report (Martin Co.

_ng_neering Report No. 11686), rotor blade systems were evaluated and

discarded because of their excessive weight and packaging difficulties. A

stowable Rogallo Kite was also seriously considered and will be discussed

further.

Ro_allo Kite - Skid Landing System

The glide range, maneuverability9 and particularly the conventional

horizontal landing technique of this con_iguration make it most attractive.

From N_SA research data, it appears that system weight is competitive and

that the stowage problem can be solved. The only ser£oue unknown quantity

of this device is its deployment and erection under in-flight condit_ons.

T_is complic_tion arises from stowage l_tations imposed by the lifting re-

entry body configuration. An inflated-tube Keel configuration was briefly

considered, but the uncontrollable buffeting of a large mass of fabric,

suspension lines, an_ inflating conduits during the few seconds of inflation

seemed rather dt_senchanting.

So a controlled unfolding _-eection rigid Keel system was designed

from data obtained from D.E. Hewes, Spin Tunnel Branch, Langley Research

Center. This device is packaged in a _railing pylon stowed in the mission

module during most of the f_ight and requires heat protection durin_ re-entryo

A 1/lO-scale model has been built to ev_ata the _fold_ technique and

membrane stowage conditions within the box structure formed by the



collapsed I-section keel and leading edges. The win E area im limited

mainly by the quarter-keel stowable length since more than four foldin E

sections was considered impractical. The wing area is i000 sq. ft. with a

50-degree leading edge sweep and 37.6 ft. keel and leading edge length.

The maximum lift-drag ratio of this conflguration is estimated to be 4.11

incorporatlng the drag of the vehicle and the wing loading is 6 ps£. £

larger win E area _ith respect to the vehicle size ,ould result in improved

LID (the max. L/D of the wing alone is approx. 7). A latter area would also red

the 40-knot landing speed by the square root of one-sixth the modified

wine loading. However, ground stability then becomes _ problem as well as

stowage and deployment. Smaller wiDE areas become less efficient and result

in higher landin E speeds so were discarded.

The flexible wing uses aluminum alloy and steel I-section structural

beams with 2, _, and 4 inch webs and l_ inch flanges. The leading edges are

modified by a semicircular outer section for improved aerodynamic drag

characteristics. These Keel sections are erected and locked by explosive

gas actuati_g-c_lindars, cabies, and latches. The beam load distribution

is triangular from the hoop-tension of the Mylar-coated nylon-fabric

membrane. The maximum membrane tension is 35._ Ib/ino at 5 g's.

Landing loads are taken on the vehicle lower surface control flaps,

designed for skidding with _-oll 6Jook struts°

Control is accomplished by fore-and-aft or lateral movement of the

system c. g. with respect to wing center of pressure. This is done with

pilot controlled electrically powered winches. In this case, the vehicle

must move 14°3 feet fore-and-aft to chan_e the angle of attack from 20 to

45 degrees for cruise-glide and landing stall respectively. Lateral move-

ment required is only 5 feet for a 30 degree bank resultlng in an _50 foot

turning radius at the 116 knot Elide speed _t 20_000 ft. altitude_

The flexible wing deployment might best be described by disuus_in E

the reverse or packin E sequence from the erected position down to the

stowed pylon. Assuming that the win E is in a zero angle of attack (horizontal)

planel the leadin E edges (pivoted at the nose or wine apex) are rotated

in the horizontal plane to become tangent and parallel to the center keelo

The membrane is pleated and collapsed into the cavity between the beams°

This t_ox-beam" and the stowage pylon on which it iB mov_ted are rotated

in the vertical plane,of symmetry aft to the tPailing _ositiono This
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"T-shaped" structure is the second step of the deployment sequence and is

used as a first stage drag device --both for vehicle stabilization and

deceleration to reduce opening shock loads on the membrane. The "box

beam" is then unlatched and the quarter-length sections (pivoting about their

end hinge-point_ are rotated in the plane of symmetry to become tangent and

parallel to each other and the web of the H-section stowage pylon. Thus the

entire assembly is compactly packaged within a 1 ft. square, iO ft. lon E H-heal

Steerable Parachute S_stem

Figure 1 shows the weight-velocity trade-ells of parachute and landin E

impact absorption equipment. The parachutes are the Ringsail ty0e. The

pneumatic bags are neopreme-coated nylon pressurized with helium gas stored

at 3000 psi in fiberglas spherical containers -- ba E system weight includes

the latter. The retro-rocket is a solid propellant wire-wound steel case

type. The fixed weight includes drogue chutes and their risers, main chute

risers, glide control and steerability equipment, and landing system

sequencin E equipment.

It is apparent th;,t relatively slow rates of descent are necessary to

avoid prohibitive system weights with para-bag systems -- even for bags

designed for 16-g landin E loads. The iO0_foot diameter practical limit on

parachute size _ise8 from openin E time requirements for escape from the

pad, low gliding velocity (12 knots)_ packing complications, and excessive

weight for redundancy. Excessive weight and poor performance eliminated

para-bag systems from further consideration.

Figure 2 shows the proposed Eliding steerable parachute and its

operation. An electric winch of approximately one horsepower provides

actuation of the chute control flap for Elide or turning control at the

pilot°s command. It is significant that the horizontal velocity vector may

be controlled in magnitude from O to 50 ft/sec, as well _s being v_riable

in direction.



3. Steerable Parachute Piloting Techniques

The steernble parachute previously described will be pilot

controlled du_ing the descent from 8500 ft. to ground surface - 2_00 t

at Edwards Air Force Base° The selection of the landing point will

normall_ be made by the pilot through a visual ground reference sys-

tom_ Selection of the ground contact point and landing direction is de-

Batable for these reasons - to avoid local _Tound hazards, such as

excessive slope, marsh, trees, etc. and to achieve a minimum hori-

zontal velocity.

The determination of the _ound oontact point will be a more

difficult problem° If the wind profile is known, the periscope can

be slewed to the descent angle produced by the average wind and the

descent velocity of the vehicle. The ground area observed would then be

the area in which the pilot could maneuver during the descent°

Due to wind variation during descent, the velocity within the

maneuver r_nge would vary and produce apparent complication for the

piloted landing. _HouoveEi the pilot

could reach any point within the glide range on the view screen. This

technique would require a means of programming the wind profile into

the optical system to maintain the ground contact area in the field

of view. Another method would be the use of an average wind_ slew

the periscope as previously described, and then require the optical

system to hold this field of view°

[



Attainment of _he selected landing point depends upon thepilot's

capability to see the vehicle movement on the field of view and to make __

the necessary corrections in direction and velocity to reach the desired

landing point and have a touchdown horizontal velocity_o_ mppeoxi_.tely zer_o

Vehicle velocity can be measured by knowing the altitude and

rate of change of the angle between a reference point at time t, and

it8 position at time t2o Parachute descent durini this same time period

will also produce an increase in this reference angle° This would be

interpreted as ground speed by the optical system. Figure _ shows

the time required to pass through an angular displacement of 1 minute

of arc vs. altitude. Also provided are the time limits during which

the change in altitude does not produce an error in horizontal velocity

greater than 1/2 ft/sec.

It is seen from Figure _ that there is an excess of time over

that required to observe the displacement due to one minute of arc and

therefore the altitude error need not be considered and its complication

in determining horizontal velocity can be eliminated.

Another problem is the capability of the pilot to discern movement

on the view screen within the range of _O to 0 feet/see.

The rate threshold of man's ability to perceive motion, a8

determined by Aubert in 1888 is 1-2 minutes of arc per second. Later

work by J. Fo Brown in 1931 indicated 2 to 6 minutes of arc per second

were required. Assuming the maximum value of 6 minutes of arc per

second_ an 18" distance between the eyes and the view screen _ and a

view screen diameter-of 10"9 the following table shows the threshold

velocities at various altitudes°

THRESHOLD V_LOCITY FOR EYE PERCEPTION

Alt. (Ft.) 8000 5000 2ooo

Velocity (ft/sec) 15 i0 4
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The pilot can, therefore, perceive the rates of motion concerned in

this problem without magnification, if lower threshold velocities become

desirable, they can be achieved through magnification. The displacement

threshold is approximately one minute of arc. Since 20 minutes of arc

can be achieved before reaching the accuracy limit due to descent, this

threshold will not be restrictive.

. _. _n the.event o3 an abort.in weather, the landing selection point cannot

be made; however, by previously dropping a radio beacon (serving a major

curpose in assisting search and retrieval), the second function of achieving

minimum ground velocity can be accomplished. Equipment that would determine

direction and distance to the beacon would also be required_

If ground communication_ providln_kno_ledge of vehlcle nre_Icte_ contae_

point and existing surface winds oe_ ' be made, the pilot could maneuver

the vehicle to reach a horizontal velocity of approximately zero at touchdown.

The following landing procedure demonstrates a possible typical

landing° While a total Elide distance of 2000 ft. is shown, this distance

can he increased to 2600 ft. by omitting the wind orientation maneuver.

LANDING SEQ_CE

Time

Sec.

0

5

7

Time Alt_...._. Maneuver Function Remarks

SeCo

5 8500 Determine desired Parachute

landing area. closed.

2 8125 Turn input to Open flap.

desired landing.

iO 7975 Turn 180 e Adjust flap fmr

_x. velocity.

Pilot decision

only.

Pilot controlled

system.

_aximum turn

assumed
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Tim_

17

3?

42

62

72

$4

Time

20

5

20

12

12

Alt.

7225

Man euv er

Straight glide

at max. speed.

5725 Turn 90"

5375

5975

Straight glide

at max. speed.

Fly wind star

(2 - 60" turns

? sec.)
1 - 5 sec. le E

3135 Turn to wind

heading and
adjust to 0

velocity.

2300 Fire Rockets

(50'
ground
clearance)

Function

Maintain max.

speed. Deter-

mine possibil-

ity of making

initially

selected

landing area.
Make first

wind estimate.

Cant Flap.

Open flap.

Move flap

as req'd.

Move flap as

req'd to
reach desired

heading and

velocity for
zero touch-
down.

Automatic

system -
altitude

sensing and

rocket ignition.

Rem%rks

Covered I000'

@ 50'/sec.

Pilot decision,

Turn to new

heading _or

improved

landing°

Covered 1000 _

50'/sec.

This maneuver was

_ncluded as a

typical wind
orientation

maneuver. If wlnd

are known by surf
observotion or

communication, a

glide maneuver
would replace th_

Flap must be .set
at predetermined

position to

nullify wind

velocity°
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6. Retro-Rocket Requirements

Figure 1 indicates that para-retro landing system weight is minimum

at a descent velocity of 80 ft/sec. However, current gliding steerable

parachute data require a 70 ft/sec, rate-of-descent to counteract the

guideline horizontal wind velocity of 30 knots (50.7 ft/sec.). This

value came from parachute glide angle test data by Milton T. Kane of

Sandia Corp., Albuquerque, New Mexico. Later Radioplane (Div. of

Northrop Corp.) test data indicate that this hide angle may be improved

allowing a lower rate of descent while still maintaining up to 50 ft/seco

horizontal speeds. However, a retro-rocket based on a rate-of-descent

of 70 ft/sec, was sized and later decreased in weight by a Thiokol Corp.

design.

An error analysis was performed to determine the ignition altitude

tolerance and the residual energy that must be absorbed by a sustainer

phase of rocket burning. Assuming normal distributions of occurrence,

statistical tolerances were established as follows. Rate-of-descent

decreased to 61.8 ft/seco when a 5400 lb. suspended weight is considered

with the previously designed main chute.

One sigma rate-of-descent Error Contributions (about 61.8 ft/sec.
at sea level)

+1.2 ft/sec, due to variation of atmospheric density at sea level.

+ o _ It ttl ft fz|

85 " " " "

+2 " rt N, te

+. 8 tt !! t! t!

RMS = +2.73 ft/sec. (.+4.4%).

" " " with altitude to 5000'.

" parachute drag coefficient.(.70 + 002)
m

" unsteady air (gusts, etc.)

" vehicle weight.(5400 + 135 lb.)

One sigma Rocket Ignition Timing Tolerances (about 50 ft. altitude,
2 sec. burn)

+.O0_4 sec. due to pendulum action of suspended system (+7°).

+. 0253 " "

+o0169 " "

+.0052 " "

RMS = + .032 sec.
el

" terrain roughness (_1,5 ft.).

" sensor error (+ 1 ft.).
t

" contact switch°

(+1.6%),
m

.........................................................



One Sigma Rocket Burning Time Tolerances (about 2 sec.)

.+.05 "

+.10 sec. due to rocket thrust variation (*2.5%).
m

+.126 " " " variation of vehicle weight (+2.6%).
m

+.087 " " " " " descent velocity (*4.4%)o

" " " " soak temp. and manuf. (_2.5%).

RMS : +.189Y sec. (+9-5%)-

IO

,

The _.oot-mean-square altitude error was computed from the sum of the sq_

of the Droducts of the ignition timing tolerance and desce,t velocity

and th_ burning time tolerance and one-half the descent velocity (average

during burn). The result was +6.2 feet. It iE significant that ignition

error contributed less than +2 feet to the above relation. The retro-

b,lrning phase needs the major improvement.

A sustainer phase with a thrust slightly less than the vehicle weight

accounts for this error by lowering the vehicle slowly to the surface such

that the resultant velocity can be absorbed by structure crushing.

The foregoing error analysis will be refined during the remaining

study period° It is recognized that some parameters may be interdependent

or may have skewed distributions of occurrence causing the computed error

to be misleading. However, it is significant that accurate knowledge of

parachuted rate-of-descent and vehicle weight with corresponding correction

to retro-ignition altitude can considerably reduce contact velocity and

nearly eliminate structural energy absorption.

Xmpact -- The work that has previously been accomplished in impact

theory has been applied primarily to spherical entry bodies. However,

the work accomplished by NASA with the Mercury shape gives some insight

as to impact g's that can be expected. In these studies a small change in

attitude was found to have considerable effect in reduction of the

acceleration along the vertical axis. This reduction occurred in both
in sand

sand and water impacts. The reduction_was from 74 g's to approximately

47 g's at 10 ° attitude and 30 g's at a 30 ° attitude6 In water the

maximum g's of 35 reduced to I0 at a 30 ° attitude.



o

The_e values were the _esul_ of t_sts made at an impact velQcity of

30 _ 1 fps.

Using the NAVORD Report 3533_ a rough estimate of g's during the flow

_stablishment phase was made and the load factor for the W-I configuration

at 30 fps was approximately lO g's. The drag coefficient £etermined from

this study was for spherical bodies. Therefore, this value, is low.

Determinatio_ of the actual load factor at various points in the W-I

configuration at various impact velocities and attitude world require a

more detailed study and test program than can be made duri_ig this study_

However, it is felt that the test programs conducted by NASA hate

shown a range of load factors that will have some application in the

Apollo vehicle,

Using crushable honeycomb, at v velocity of 30 fps and a load factor

of 27, a stroke of 12 inches will be required. _ additlon_ a structure

that is capable of taking a pressure of 27 psi, is also ne_essaryo

Multiples of retro-rockets were examined to insure impact attenuation

with the following results:

I_ If two rockets, each of which can do the Job_ ar_ fired, the

vehicle accelerates up - at 123'/see. (2 sec_ .urn, I_,000 # each)°

2_ If two rockets are used, the combination of which does the Job_

" and only one fires, the vehicle hi_s the ground at 61_9'/.?e:_

The only _luti_n using t_o r_7:_t_ _sthat _ a_ flr_,_ Xf both _._,_

_@ea_m of malfunctloni_ the veh_,_, is accelerated upwardc Conclusion ,

make one rocket reliable enough to f_re once ignited.

Therefore, it appears that n lower c_ntact velocity must _e assured

rather than attempting to absorb the high impact energies ass.elated with

the higher velocities_

First Phase Drag Device -- The drogue parachute diameter has been based

primarily on the drogue parachute used in the Mercury° Zts function

is to provide stability from Mach 2 at 80,000 feet to the main oarachute

opening at lO_O00 feet° It will also provide a means of main parachute

deplo)_ent and will ;'educe the main parachute opening loads through

additional drag.
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It has been designed for an opening load of 92,500# ultimate.

This is based on a q of re0 _f.

T I/ fro _laueter Fi_t ribbon drogue parachute will provide a force

of mpproxlmately 6600_ at Mmeh 2 and an a!%itude of 80,000 ft.

The present riser length places the skirt five Base diameters from

the base of the vehicle. A study of the literature indicates that this

is a minimum distance for parachutes. If data from the Cree missile

tests indicate that this distance must be increased, each additional

base diameter will require 7 lb. of riser.

Flotation M0del Tests

ao Wooden models 1/20 scale were constructed and floated to empirically

determine:

(I) Stable floating positions and their waterlines,

(2) Static roll stability limits (roll-over angle from vehicle

horizontal reference plane).

The L-l, L-2C, and M-l-1 models were ballasted to weigh .75 lb.

(6000 lb. full scale) and to centers of gravity obtained on 1/25/61.

Models were floated on 1/27/61. On the L-I model the c.g. was 6.8 in.

(full scale) above the desired point due to physical limits of wood

construction. A photograph was taken of each model in its two

floating positions. Figures 4_ 5, and 6 show typical positions.

be Results

I.-i

L-2C

M-I-I

Roll-over Angle-

degrees from

normal position

9O

85

85

C.Go Location-ino

X Z

75 21.6 (28.4 on

model)

30.8 above Base on

menterline

97 6.8 Below

c. Conclusions

C1)

(2)

All models floated in two positions -- normal upright and inverted.

All models were extremely stable -- had to be rolled almost

vertically before they would capsize to their alternate floating

position.
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L-1 and M-l-1 floated such that the back face (door opening area)

was always exposed to the atmosphere.

L-2C most stable flotation attitude was cone-end subRerged

(escape door area),
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TM-IO - ERVIRORME_TAL CONTROL SYSTEMS

IO 618ten DesiRn, Safety, and Reliability

The initial system proposed in the MLV study ha8 been refined

and reviewed for functional reliability. A preliminary reliabil4ty

analysis estimate of 8_088_ (based on the MLV system plus a molecular

sieve) has been increased to a current estimated value of 99.5_0

The ma_or changes included revisions in the molecular sieve system

confi_ation and addition of Easeous emersency oxysen and nitrogen

supply in the eommand module. The basic system modifications were

primarily in relying needed For proper system operation during various

modes of system operation. The proposed configuration is shown on

TM-IOo1 and TM-IO-_..

2. Molecular Sieye CO2 &bsorption System

a.

b.

I II l I I

Jt_.tersuLte Approachee

The systems currently under study are modifieationa of that

proposed by HamiltonoStandard (Rof: EP 60707)0 The modifications

include • cycle time compatible with the Apollo earth orbital

mission, as well as heatless deeorption_ continuous heatinE and

alternate heating and cooling For the silica Eel bed. Use of a

freeze-out approach in lieu of the silica Ks1 bed has also been

considered. A Eeneral schematic is shown on FiE. _S.-lO-2.

Power and Cooling Penalties

Summaries of the ch_racteristie8 o£ the systems under

consideration nre listed in amble _4-10-1. Direct weight saving

over lithium hydroxide absorption would be about 140 pounds. This

is subject to reduction by the power and cooling penalties noted

in the table. The high peak load of the heatless desorption

approach imposes a significant penalty during the lunar portions

of the mission.

Development Problems

The basic development problem in this system is with the

molecular sieve bed valves, since these ere exposed to h_d vacuum
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and must operate approximabely i000 cycles during the mission.

Basic reliability of the Rystem can be improved by the addition

of a manual override on all valves _hlch will permit partial

operation of the system while repairs are made to the malfunctioning

items. Durin E this type of emergency operation, the carbon dioxide

level will be about twice normal value (but less than 1%),
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Her_t S-J_s

a. Passive/S emi-P_.ss ire Systems

The extent to wh-_ch intc:_nal heat .':ould be dissipated by

._o._ the mzsslo:_ modulo was evaluated using thepassive n_eans "_"_ " "

basic configurations shown on Fig. TM-IO-3 for an internal heat

generation of iO_O00 BTU/Hr. The surface areas and physical con-

figuration used in early studies (oi-iginal configuration) of the

•dssion module would permit this heat dissinntion if internal air

ve!ocitie_ _vere high enough to transfer the heat to the internal

shell° This would necessitate the use of an internal skin and

b!ov:er configurat._on and woui_ result in an internal radiator using

air as the heat transfer medium (Semi-passive system).

With the present configuration: the controlling factor is the

interior radiation exchange between the inner an:3 outer- vehicle

she!Is_ Approximately 4200 ETU/T{r. can be dissipated through this

configuration _t the required temperature levelt using a semi-

passive system arranged in a similar manner to that of the original.

configuration° l'his capacity would be further reduced if equipment

is installed in the annular area between the she!_.s.

Pi'actical problezr_ resulting from the use of a se_ui-pansive

_vstem _.;ould include:

(].) Lac]: of positive control of compartment humidity level. The

internal skin tempernture is below cabin de_': point and con-

dentation on the skin v¢ou!d occur. Practical fan pressure

drop _' _+_ _ woul_, li_it annular duct velocities to:

val_es too low to guaran(_ee condensed moisture pickup under

_'_eighti ess conditions.

(2) Loss of cabin pressure unless the inner skin was readily

removable to permit access to puncture damage. Loss of

pres3ure _vouid also result in loss of cooling because of

inability of fans to operate in very low cabin pressures°

bo Radiative Sys tc ms

Preiini_} _ evaluation of both internal and external heat

transfer propertie_ has been _.ade_ The control!i_g factor is the

c::ternal zadia tion_
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The radiators are oriented to see deep space a_ all times

(Fig. _4-i0-4_ Position 2). Figure TM-IO-4 shows several con-

figurations which were considered. Figures TM-10-5 and TM-IO-6

indicate a preliminary analysis of the radiator operating temperature

levels which could possibly result with the heat dissipation rates

which have been assumed. (These curves are preliminary and will be

subject to significant changes after final evaluation of the

configuration.)

External heat transfer from the radiators will be adequate

For the circumlunar mission except during _he near-earth and low

lunar orbit portions of the mission. During these periods the
the

temperature level of_cabin system radiator will be too high for

moisture control and adequate heat dissipation. _se of water

eva,>oration during these periods to boost cooling system cao_city

in order to _each the desired temperature levels is feasible with

a low expenditure of water. Use of this approach during the earth-

orbital mission would involve l_rge amounts of water and integration

of the cooling load with cryogenic fuels for an auxiliary power

unit is being studied.

Since the external radiation heat transfer is the controlling

factor, the internal heat transfer can be evaluated on the basis

of pumping power, wet weight of the heat transfer loop, practical

passage limits for the heat loads under consideration: and material

thickness needed for meteorite protection. After evaluation of the

above factors, ethclene glycol was selected as giving the _inimum

ve_icle weight penalty.

Water Recovery S_,stem

A review of the possible systems for recovering water from urine

and wash water indicates that only the vacuum distillation and com-

pression distillation techniques have reached a development status

w_ich would make their use feasible on the Apollo vehicle°

Data taken from nuclear submarine tests indicate that condensate

from the air conditioning system can be used for drinking after being
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treated chemically and does not need to be processed in the water

recovery system. The proposed vacuum distillation system (Fi E. T_|-IO-7)

and compression distillation system (Fig. TM-IO-8) were sized to

process a fluid rate of 4=2 pounds in 8 hours, thus requiring essentially

continuous operation for the mission, but Eivin E the minimum size equip-

ment= To process an additional 2 pounds of water per day per man (for

washing) would increase the size of the units about 50_. Processing

water on a hatch basis would require a further increase in size.

Pertinent data on the proposed units are included in table TM-IO-2.

/
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. Secondary Power Prime Mov, er

Two basic types of hydrogen-oxygen fueled secondary power units have

been studied for possible application during dark or unoriented periods

of vehicle operation. These are the conventional turbine cycle (AiResearch)

and the reheat cycle (Sundstrand hypercycle). Either system would drive

an alternator and re-entry cooling system water pump and would be comprised

of dual prime mover units and controls coupled to a single set of fuel

tankage. Since the systems would normally operate less than 10% of the

vehicle mission time, the additional complexity needed to use the cycles

for additional cooling over that used for the basic power generation unit

appears unwarranted.

The basic cycle used by AiResearch is based on heating the hydrogen

fuel by heat from the alternator and power unit lubricating system.

Oxygen is then added and the combustion output is passed through a four

stage multiple re-entry turbine, exhausting to vacuum. Fuel is stored in

supercritical cryogenic form, thus eliminating pumpin_ Turbine operatin E

temperature is nominally 16OO°F.

The reheat cycle (_ypercycle) proposed by Sundstrand for this appli-

cation (see Fi E. TM-IO-9) is based on a six stage unit - three stages

reciprocating and a three stage multiple re-entry turbine. The turbine

speed of 60,000 RPM is geared dow: to a 6000 RPM shaft speed on the

reciprocating portion of the unit. The cycle is basically a hydrogen

expansion cycle, with oxygen being used only to supply enough heat to

close the cycle thermodynamically. The turbine operating temoerature is

160°F. The 20,000/i expansion ratio requires a fuel inlet pressure of

1050 PSIA which requires hydrogen pumping. Since nositive pump inlet

pressure under weightless conditions would be required, use of supercritical

cryogenic stowage or an expulsion fuel tank system would be required. Use

of an expulsion system appears undesirable because of the low temperature

problems occurring with any bladder material.
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Thic technical memorandum presents the estimated, and in some

case experimenta!_ aerodynamic characteristics for the W-I and L-2-C

configurations. Subsonic transonic and hypersonic estimates have been

made and are presented,

I Introduction
_ ,_ L , J

During the early phase of the Apollo study_ various aero-

dynamic characteristics have been required for evaluation of W-I and

L-2-C configuration. Hypersonic characteristics were required for

reentry performance, heating and control studies. Transonic an_

subsonic characteristics were required for launch abort studies° This

document summarizes the estimates which have been made to date° Figure

1 shows a sketch of the two vehicles of interest°

I! W-I Aerqdynamics

A° Hypersonlc

The hypersonic aerodynamic characteristics of the W_l

reentry vehicle were obtained by calculations using Newtonian Impact

Theory° All force and moment coefficients are referenced to the

circular base area and the body length° The angle of attack is

measured with respect to the cone center line.

The longitudinal characteristics are shown im Figs_ 1

through 3o The lift and drag coefficients and llft to drag ratio

are plotted as functions of angle of attack in Fig° lo The

maximum lift coefficient (CL=.585) occurs at approximately 50 °

J

- . _J



angle of attack and at an _= 0o51o The maximum L/D is O_80

at 26°5 ° angle of attack. The zero lift angle of attack is +5@5 @ •

The important force parameters are summarized in the table below,

o<

0

2605

50

CL. r--..D LID W// DA

o .275 o 216

.41 .51 .80 lit

.585 lol7 .51 51 i00

The pitching moment coefficient about the center of gravity

is also plotted in Fig. 1 as a function of angle of attack° The

data includes the effects of two undeflected longitudinal control

flaps whose total area is equal to I0% of the vehicle reference

area° The pitching moment coefficients were calculated for center

of gravity locations on the cone center line at 60%4 65%, and 70%

of the body length (measured from the nose).

At the 70% location, the vehicle is neutrally stable

at the angle of attack for (L/D) max, and is marginally stable

as the angle of attack increases to CL_A % , The 705 Cog_

location therefore represents the aft limit for static longitudinal

stability°

With the c.g° located at 65% of the body length_ the

W-1 is statlcslly stable throughout the usable angl_ of attack

range°

The forward limit of the Cogo location Ls determined by

the requirement to trim the vehicle at CL_AM o This forward limit

is closely related to the control surface characteristics° Since

_t edge of the body,.the control surfaces are located on the lower _

positive pitching zomento_ (nose up) cannot be obtained° The

control surfaces are in the body "shadow" when positive deflections



(trailing edge up) enceed the angle of attack. For these reasons

the most fo_ard c.E@ location is obtained when the surfaces are

deflectede completely out of the air stream, and are exertin E no

negative moments° An analysis was made of the size of the lonEi-

tudlnal control surfaces required° This analysis was based on

longitudinal trim and damping requirements plus an allowance for

roll control. Since all of the information required to make this

estimate was not kn.o_mt it was necessary to make certain assumptions_

These assumptions were:

Io Ma_imum deflection = _ 60 °

2o Cog. located at 65% of body length on the cone center line.

3o Pitch damping requirement on deflection = 20 °

4, Roll control requirement on deflection = IO"

50 Trln requirement is based on angle of attack change

from CL_ to (L/D)MA _ .

The results of this analysis showed that a flap area of

10% of the reference area would be required. This value for flap

area w_s used in the determination of the longitudinal character-

istics of the vehicle@

The control surface deflections required to trim versus

angle of attack ar_ shown in Fig° 2 for a Cog@ location of 65% of

body length. Note that about 300 of positive deflection margin

is maintained over most of angle of attack range of interest_

Thi_ margin is sufficient to supply the estimated pitch dam_ing

and roll control requirements° The positive trim deflectlon_ will

result in relatively low control surface heating rate_.



The directional stability characteristics at zero angle of

attack are sho_ in Fig° 3o The vehicle has directional static stability

without side flaps _4, a c.g. location of 6_% of the body length°

characteristics at angle of attack_presently being determined,

The

It will be necessary to add side flaps for directional damping

and to trim out the effects of yaw due to rollo These side flaps will

probably be required for adequate directional stability at large angles

of attack° The size of the flaps required for these purposes has not

yet been determined. The present size shown in the detailed drawing_ are

based on estimates using unpublish NASA Langley wind tunnel data on a

flat bottom confi_aration similar to the W-I.

So Transonic

Transonic pitching moment characteristics of the W-I were

required for studying abort gyrations at maximum dynamic pressure during

boost_ Maximu_ dynamic pressure occurs at a Mach Number of about lo3o

Although it is not possible to calculate exactly the aerodynamic

coefficients for this velocity range the attempt was made to evaluate

the transonic pitching moment coefficients of the W-I escape configuration

by comparing with test results of the Mercury escape configuration for

M = Io3,

The Mercury test data are given be_c

_C_ _CN -I_

-.oo85 .0288

-_0107

- .o125

N

I

!oi

lo3

I_4

I_6

6.0

9°6

5o

-. 0110

- o0i0

- oO137

-_0150

-. 0150

_0400
J

,o_oo I

°0400 I

,o45o 1
.o4_ !

C/

.78o

1oO5O

°920

°890

.760

°270

°235

°235



CO

These data indicate that the pitching moment coefficients and

the normal force coefficients for M = 1.3 and M = 6 to 30 are

about the same. The large difference in axial force coefficients

between _ = Io3 and M = 30 is partly caused by base drag.

Based on the comparison of the above Mercury data normal

force and moment coefficients were taken from hypersonic calcu-

lationso The result is shown in Fig. 5-

In the calculated_- range from -15 ° to +15°, tho

escape configuration is stable from_= -6 ° to more than +15°o

Subsonic

The requirement for subsonic static stability in the

escape configuration was the determining factor in the design of

the escape system. In order to estimate the subsonic characteris-

tics, of the escape configuration_ a technique was developed which

when checked against the Mercury wind tunnel data gave the results

shown in Figure 6.

With this estimation technique, a number of methods

for obtaining a stable subsonic W-1 escape configuration were

investigated. The results are shown iu Fig° 7. It was found that

a_ding ballast to the tower or stabilizing fins required excessive

weights to be added to the vehicle. However, by retainlnE the

transition fairing behind the vehicle dur_n E escap_ it was possible

to achieve a stable subsonic configuration with only slightly

increased weight due to the additional thrust requirements from

the escape rocket. Additional subsonic data i_ given in Fig. 8

for the flared configuration°



Ill L,2-C Configuration

A. Hyper_qnic

B_

CO

The hypersonic characteristics of the L-2-C configuration

have been taken from unpublished NASA Langley M = 6.7 wind tunnel

test° The untrimmed lift and drag characteristics are shown in

FiE. 9o

The effects on L/D of various C.go off-sets and flap

deflections required to trim are shown in Fig. 10o A 3% offset

in C.go has been selected for design requirements in order to

provide trim with low control de:lection8 in the angle of attack

region of interest.

Transonic

The transonic characteristics were estimated f_r use

in the abort during boost studies and are shown in Fig° 11 through

14o The C_reference line is rotated 90 ° in these curves° Mercury

data is also included in Fig° 11 and 12 for comparison.

Subsonic

Subsonic characteristics were estimated for the L-2_C

escape configuration to determine the tower length required to

stabilize the vehicle. The method used was the same as that

which gave the results for Mercury shown in Fi E . 6° The pitching

moment v_ angle of attack for two tower lengths is shown in

Figo 15o The 200 inch tower length was selected to provide

a small margin of stability at subsonic speeds° The stability

in the escape confi_uratiom imprcves with increasing 5_ch number.

6
L
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APOLLO RE-ENTRY CONTROL

Technioal Memorandum No, 12

r.__ 1961



The re-entry stability analysis conducted to-date for the

L-2-c and W-I Apollo vehicles which have been selected for further

study_ has resulted in the selection of a feasible a_topilot con-

flotation, The effect of aerodynamic surface actuation rate limiting

due to hot gas servo power limitations has been analyzed by describing

function techniques and a minimum required surface rate established°

The 8utopilot confi_u:'ation selected has been based on a restricted

linear analysis but experience Eained from a thorough six-deEree of

freedom proEram (reference I) on a similar configuration was used

extensively in the study. Linear analyses indicate that a constant

_ain system will be acceptible but a variable Eain autopilot is pres_

ently heine packaEed which will be married with an analog simu/atlon

of the re-entry aerodynemicB to provide a means of studying the ef_

feet of non-linearitiss and cross coupling during re-entryo

Re-entry Guidance studies have been initiated on several dif-

ferent concepts which include both prediction and the error-null type

techniques. The most promising of these techniques to date is basod

on solvin E Chapman's (reference 2) _ function continuously to

predict ran_e_ load factor_ total heat9 etco Preliminary results of

a parametric study of this technique which has been conducted for both

skip and non-skip re-entry are presentedo
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Io !ntroductlo 

A safe re-entry of the Apollo vehicle into the earth's atmosphere

from both the earth orbital and lunar missions must be assured_ In

addition_ fli ht path control must be provided with sufficient ac-

curacy to land at a pro-selected landing site. These two requirezents

have reflections on every sub-system within the Apollo vehicle.

For the purposes of thi_ study a safe re-entry infers that g limlta-

tions of the crew and heat limits of the structural design must be

observed during re-entry. One of many possible techniques can be

utilized to meet these two requirements from a flight path control as

well as vehicle stability standpoint.

Re-entry from an earth orbital mission has been extensively

studied by The Martin Company previously on a typical lifting bo_7

configuration (reference I). Previous studies on a re-entry from a

lunar orbital mission (reference 3) have indicated that range variation

as a function of small changes in initial conditions and with the

particular method of lift control utilized during re-entry were highly

sensitive. For this reason a broad and comprehensive investigation of

the re-entry control problem was initiated during the present Apollo

study.

In order to instzn,ment this program, a number of analog simulation

programs have been mechanized_ Both a two-dimensional and three-_i_

mensional progrm have been programmed in the Martin analog facility

which incorporate heat rate and load factor !i_its along _ith a toter.

heat calculation_ and are capable ofbeing ooupled with various control

laws.



The purpose of this memorandum is to present the results to date on

both attitude and flight path control studies and to explain the

purpose and status or those studies still under investigationc

The configurationz which have been investigated during the pro-

g_am have been limited to the lo_: (_ 0°7) _ class° These vehicles

typically have low aerodynamic damping$ natural frequencies on the

order of 1-10 rad/sec., inertim and aerodynamic cross coupling_ and

from a preliminary stability staadpolnt can be considered very similaro

An autopilot configuzation cam be selected which in genera_ will meet

the requirements of the Apollo re-entry vehicle and the gains wit_dLn

the autopilot varied to meet the specific vehicle _equiremontso

Re-entry guidance techniques which provide control over the re_

entry landing point for both skip and no_-skip type trajectories are

under study° For purposes of this memorandum, a skip tr_jectory _iI

be defined as one which exits beyond a point in the re-entry profile

where dynamic pressures less than 5 P_f are encounteredo One of these

techniques employs an explicit closed form guidance la_ similar to

that proposed for trans-lunar and trans-earth guidance_ followed by

an equilibrium glide phas_ of flight° A somewhat more complex tech-

nique under stady employs the continuous prediction of that _. _e_

sired to hit the landing sight ba_ed on the solution of Chapman's Z

function (reference 2)_ A still more complex but more flezibl¢ tech-

nique is under study which utilizes the method of steepest descent to

continuoumly _elect the opti_am trajectory from the standpoint of

several constraints_ for example load factor_ total heat and range°

In addition to these studies on landing point control a stud2 haz _een

conducted on a tangent steering law which would skip th_ Apollo re_

entry vehicle (by use of aerodynazlc _orees) into _ new orb_ uon_ ......_,



!O6between 4 x lO5 ft and 2 x ft. A general block diagram_ of the

re-entry control system is shown in figure I.



I!o Re-entr.v A_rcdyna_!c Attitude Ccntro!

The aerodynamic characteristics_ in terms of damping and natural

frequencies, of the selected Apollo re-entry configurations (the

L-2-c and W-l), are similar_ Stability derivatives on the a_ymmetri_

W-1 configuration are under development to be used in a first estimate

of the re-entry autop!lot requirements for this body. The stability

analysis of the re-entry portion of flight has been concentrated to-

date on the L-2-c configuration. Aerodynamic test data obtained from

NASA_ Langley Fielda was used in the analysis. This information con°

slsted of Cn, Ca, Cm_ and Cm_ vs angle of attack (_.) data which

were obtained at Mach 6.7. These coefficients were assumed to be ino

varient with Mach number for the purposes of this analysis.

The aerodynamic stability analysis to-date has been restricted

to the pitch axis dynamics with the assumption being made that the

otability in yaw would be analagous because of the symmetry of the

L-2-c configuration and also because of unavailable lateral coefficient

data. With the present configuration both roll attitude_ control and

roll damping will be accomplished by reaction jets since the present

control surfaces are not designed to produce rolling moments°

From observation of the C and C vs angle of attack curves
m _ m_

for various off-set c.g. locations, it was decided that it would be

desirable to limit control surface deflections to _ = 90 ° m_x_ In

order to trim at max C L with this limitation requires a 2% fo_,'w.ard

location of the c_g. using flap configuration F-I (b = 1.748 ft_

c = 2°32 ft)_ It was necessary to develop Cm_ and Cmg curves for

the 2% location from the 1% and 3% location, for which data w_s avail_ _,

able. This data is presented in figure 2_ Since the stability

P



0

analysis was to b_ conducted for the angle of attack produciug max

GL ( _ z 55 °) the slope of c m vs _ was determined for this angle

of attack. The pitching moment coefficient per deflection of the

control surfaces was determined by constructing a plot shown in figure

3 of C vs _ and tz/'_ing the slope at a deflection of 90" and C<
m

= 55 °. Dam_ing. derivatives (Cm_, and Cm_ ) were assumed to be

negligible in this analysis as w,_s the C and C o
n_ a_

The aerodynamic t_ansfer function _/._ was developed and examined

under various flight conditions. The general form of _ is sho_n

below:

m

A _o_ approximation for this transfer function has been found to be:

_. _ K_",
-_ S_ +_,_

in which_ = $ S C g_ i and w a _- _ _ ¢ C_
" n

and Ka vs _(dyna_c pressure) was made and is shown inA plot of W
n

figure 4.

Because of the wide variations in th_ dynamic pressures to be

encoumtered in a typical re-entry the rate damping gain necessary for

satisfactory dampi_g _ould normally be programmed to change with a

change in Ka, In order to avoid this gain progra_zing, it was decided



to imvestlgate a pseudo _aptive autopilot design similar to that

employed in releren_e 4_ This autopilot has the general form sho_m

below:

L .......

I
I
L

I

i

I

For the analysis conducted to-daSe the following data has b_en

used:

o_ _'+,___oj6_,

Root locus plots were constructed for from which K r _@

the lead circuit design requirememts we:e established°

The princip_ of the above design is to _ni_ze the effect of

airfr_e dynamics on the overall sts.bility amd response charaeteristics_

This is accomplished by amhieving h_.gh performance of th_ inne[ _ loop

,_j_/.@ over a r_ge of frequencie_ from zero to beyond
the



v_.].uc:..,hr_.vc_een c,c!ecte(-:,,for E and thc_ lead circuit"

}: = '.07
Z _

T = O_:1075

The root l¢,cu_ for the inner loop is shown in figure 5_

Thi_ analysZc wa_ conducZed in o_der to determine the compexity

of the autc_p!lot requirements during re-entry and to produce preliminary

_ystem requirements to the Electronic Design Support 3oct!on which

is breadboardlng the re-entry autopilot desig_

The confijuration of the roll autopilot is much like the cisolumar

attitude control system in the misz!on module_ Pulse width jet systems

are utilized to achieve fast response _md approximately linear opera_

tion_ The size cf the syotem was selected on the basis of the speed

of response required for lateral damping and heading changes required

for latera/, range control_ Im order to arrive at this desired speed

of response some discussion is required on the technique to be used

for heading control° Two met_lods for accomplishing lateral heading

ch_ge are immediately apparent° First_ the vehicle can be controlled

by a pltch--roll technique Im which the angle-of-attack and bank angle

are controlled by guidan=e cozzands to produce the desired com=

bination of lateral an_ longitudinal range° Sec._nd_ the vehicle can

be malntaincd at a desired trim an$1c of attack r___udrolled _bout the

tr_m v_.loclty vector to produce the desired vertical _.nd !atera] forces

to achieve the displacsmer]ts rcquired to a_rive at th(: tc_geto Beth

of th, se tec:_niques are under ctud_- and some of th<_ advantages of each

"_ bc discussed _n the Ee-_entry Guidance Sec_tion of thi_ memcr_:_dum.



" . ............ a._ . __,._, .. _ . ," ,- _ -_ 3.80 _ t.¢_.

cecondz_ Tic ",,h,_'u._treq_iremont£- were e_tabiishe_ as _7_75 lb_, and

_o_a! _' " " -- "_ " $_:en_:_- such rolls during..ue.,. .............._ o:_ the de-_irability o,_

typicai re--c!_try< These numbers will be revised pending results of

the thrce-diDcnsiona! analog program presently um_der study<,

'n ";< :" _'_'-" tO Of....a__,. the =_e3i_ _na-y "- " the topi!ot.__ = ..... . aec:-Ci., au an, inves=

o,_,.,....._-_on l_m_ts has been c_D-tigat_c_, cf :.he control, systcr_ route _--_ .... "" _ _

......e--q _ to reduce contro_ p_wer ro_.i.e_.n.= during re=

entry_, SZ_;;_ rc, t._ saturation act& like a non-linear e3.ement<, tn_

usual, l:,near anai3.sis technique& must be modified+ Th__s can b_ done

by _-_se o r _,_ ...." ..... ., _ ._ purFo_- c:r, u .........._b_. function_ "_-efercncc 5 az_d 6) '_'h:

_hi£ _nve_t_,.latim_: wa& to specify the- _nimur_ surface cleflectern r_._es

mecessar3' to as_u_'e a stable operation _n the frequ¢:nc}" range of i-,_

_ere_t

The effec_ of the rate-!imitin_ in the pseudo_adoptive de_mgn is

_,.o produce a high frequency chatter at small a_.plitudeso The maGz_itude

of thi<: c',_tt_y ia d_rectly related to _. it can bc _een the_

that th_ (; lim/.tation will mot affec_ vehicle stabiiitv _inc_-

_.ven a .... _.0 ¢,,_f.e e_cil!ation at high frequency and ].ow ampiii.u.de

" - " " - _e _ i._._,,_'_._.i _.ffc .... _'_, r.::.L;._'.L_ response but i,I.;,f; _ _ _. -..i. .<.e >_-

ao._..r,¢_ye _.,..:ci:,_lc_- :_r, ,ifficui_ if :,:,i _ ..... 4 to, "• " _ __,p.,o,,_ b.3.e c.r:e_'_'<z( tt___,_._.-?

the __.-.,-.t_- L,: :":',t_.:.c.$. or. &[., _..r..:_.!ur; :'on!_u_c.yr

i_ o.'-:'r t_:...:_'._ _:c_- 5,::':;.: for." _'t.a'b."./-_hlnC _" _7 i,:.:.d



this analysis is basod on the _imple system shown below:

i

7----.O,O5-

/

= ,,,vK,,,

7-= 0 05"

By use of describing function techniques_ the above system can be

analyzed to establish the minimum value of _ required for a stable

operation° The root locus of the open loop linear analysis of

is shown in figure 6 in which Kc has been established as 7o55 to give

a 0°4 damping at the maximum dynamic pressure flight conditiono The

effect cf the rate saturation in the hot gas servo is to move the

pole toward the imaginary axis and thus cause the lo=us of the open

loop to bend toward this axis° The resultant effect is to cause an

instability to occur as a function of the amplitude of _-%_ o This

value of _ which wsuld cause an unstable operation in the present



P

situation ( C = 1 rac/_ec) i_ cx_;rem_ly small_ on the order of

2 degree,s. _'or this reasons. _!on 5 with the f_.ct that the lead circuit

type of autopiiot would r.equi_e programming of gains_ L third auto_

pilot configuration was studiedc

Previous studies cofiducted on the autopilot requirements of a

lifting hod I returi_g from an earth orbital mission indicated from a

linea_ analysis that a position-ra_e-lnte_ru-I type of autopilot would

provide a stable re-entry op6ra_iono Thi_ analysis wa_ later suS.;

stantiated by a six d_ree of freedom analo E simulation which included

non-lin_aritleB_, cross co_plingc and the vehicle dynar_ics_ Because

of the " _ 'slm._arlty of the aerodynankic _ransfer functions of the L-_-c

and W-1 with the c._nfiEuz_tion previously studied thiE type of auto-

pilot was investigated as a possible _onfi_uration for the Apollo re_

entry vehicles and is shown below in block diagre.m form°

" I
#

II

!-- --:, i ..................

, L.! I I _ - ) I "

-= _.._','.".



The galn_ in the abovc pitch loop autopilot were determi_led by roc_

ko_uE ana!ysis t_chniqueso A typical root locus is s!__own in fig'are

7 for ons l__o,.t condition during re-entry_ This autopilot configara_

tion reFresents the recommended syste_, for the pitch coz:tz'ai loop

lot both the-: L-2-c and W_I configurations° it is pz_=sent!2 bein£,

l:read_,oar0.ed for _=_.d_mo_stration in an analog ..... " _'" ^ of

_.quatlcn_ durin_ a t/p,_cal Apollo re_.cntr}-_

An investigation of the effect of rate-saturatlon on this auto_

pi:ct dosiEn was conducted in order to establish the misim',um_ rate

r_quired of tha hot gas servo actuation system_ Typical root iocu[:

plots are _aown in figures 8 and 9 which demonstrate the effect o_

the !ocus of the system of this saturationo The mini-m:m_ _ate hae been

_.:.sZab!ished as 0_5 rad/sec_ in order to have a system capable oi a

5_able operation _Ith damping of greater than 0_3 duri__$ all flig.h_'

cond'.".t_.onao it is felt that a consta:,.t gain system in the autol)ilo%

',:ou!6 giv_ satisfactory operation rather thaD the vaziable gains i_:_

/.i:;ated on the block dlagram_ Final decisions on this _a_ter wil! b_

n:_d_, aft_ ;_ analog simulation, which will be use4 to evaluatc the:

_i'f_<".n of -__on_!inearii_ies a_id cro_s coup!_ng ff.n the a.yzte_, i6 corn _

TDe recommended yaw autbpi/ot is sho_.:p, be!or: and cons_.st,% _f a
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" , ........ -: " " d_:.ec the ¢'_See'_ o _. _d,.,er_¢

f:a ._ :'._ _._ ex_:<-e!:e6, when the _'ehiclc is :.c!ie6' aboct ate veka¢'iey

reel c,: ._!- t}-.: T.;-(,c:.ae of ma!utr..g g. lager_.i rangc corz-ecaio_,.



Io Atmosphere _ud planet are spherically symmetric_

2o Variatione in atmospheric temperature and molecular

weight __th altitude are negligible compared to any variation

in density_

Peripheral velocity of the earth is negligible comparedjo

tc the velocity of the Apollo vehicle°

4o The small change in distance from the planet center is

negligible compared to the fractional change in velocity

ia a given increment of time°

5o The flight path angle _ is sufficiently small that the

component of drag is large compared to the component of

lift in the horizontal direction°

Equations of Motion

The two component equations of motion which Chapman has collapsed

are the classical:

,,.:.t, , ,. "/.,/- L...:'#' (,,../._. :/ _"

@

whe re :

h

u

Y

altitude

= vertical velocity component

= circumferential velocity component normal to

radius vector°

= distance from earth center



A, P,_. P_'edict:_on _....ed on Constant 40 and Bank An_le

Intre __ction

The complete cqu_tlons of motion for a vehicle entering the

earth's _:tr,,osphere are b_,_-nature complex and difficult to solve even

•,,:ith i_.rge high-speed digital comp_terso The in-flight solution of

,:_e_ c_!_._ enuations for the purpose of controlling range_ de_

c_lL_:-ation and h_at absorption becozes pra_:tically impossible because

o_ the restrictio_-_s Dlaeed upon the size and complexity of airborne

type. co._pute,-s_ it i_ therefore_ both ,mandatory and desirable to

re,duce the mathe__tica! and computational eomplexitF of the entry

guidance and control schese to a minimum°

Among the different approaches !nvesti:ated_, the m_thod dev,elc_e6.

by Chapman _'Ref_ 2.) to approuimate the solutions obtained _._ith the

complete;, squaticns cf motion offers a substantial aaving in compu_:a_

ticnal tom lexity_ In essence he has reduced t_-_emotion equations %o

a sir.gl¢_ erdinaz:;_: nonlinear differential equation cf _.econd order

by re3ecting ter=_ which contribute only negli£ibly to the solution

and by the introductioz of a particular mathematical traasforzation_

The physical and ms .hematical assumptions made: in the de,:_;io_ment

-,.toof _he "Ch_.p_a_u" _.qu_.tion restrict _ - "_ '-_ -appi_ca_.c._: to a particular. _

z:_:_L'_of &_t._tuoez _..ua i_._t_,, co_,ditions ':,,hlchar6,, howevor_ _'ithin

_,bc _,au_i_.c,f e_t_m_ predlctod ._or the Apollo mn_ssieu_ Tae basic



-- !._as_ of vehicle

--. Flight path angle relative to local horizontal.

l_it],_L!y_, the t_z'[= ;_ Ln equation (2) is dropped° This is

equi_'aient to _,he rest.fiction of assumption 4o Next_ an independent

variable S(, (':atS.o of horizontal to circular satellite velocity u/u )
-- C

is introduced _-.._ _mployed as the independent variable along with a

new dimensicn!e_s dependent variable Z formed through a transformation

of the two omf_cinal motion equation.=.° Z is defined as"

._"=__E_;, i ''# *===_

_If i_x; "_.

,,/

_d

de,_o_ of fluid

= Drag coefficient

= Atmosphe_'i¢ density decay parameter

_._ou_,,, the process of mathematical manipu!ation_ Chapman'_ final

i
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...... c_-_... ;::_: at. "',_" _'-, :.,jpc entry has led t.e a detailed
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A alm_r..s_on_s famc E:ion p:,:-oportional to tc,ta/, heat absorbed

<o,>-"

,'r-_

Horizc_ntal co_.ponent of dece leraticn

d" '  ,sY

F._g_ path _ngle as a function of velocity

Sin _'! "_ --_

,t_roach

In_._;uuc'.__ the :f,fu_,_;t:.oz _f._crds o;_l_ an approximation of the

solur, ic: _ o_ the con_olet_ _qu_,,t_,_:_. cf motie;._, the philosophy thus far

has beer.,,,t,o check in detaff._ t_e Z funct_.,o._:soluti_,ns with results
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9_'b-_b! Z" Lo_.-_r this "_"

.....'mS mucha_ization employed to stud:,.-this technioue is

_,_'_""_"r_+:r" in figure 2!o

Th':: co.astz'uction of the _ound trajectory plot or "footprint" ie

cur:'ent_i_._ i.: proces._ The lateral range capability as a function of

._.on_j!tu__z:ol ranze is calculated _th the following equation:

o

,5., ,- , _ ,...,_

U

and where:

t_

Vehicle bank angle about the velocity vector

Earth's central angle

= Lo_ngi_udinal range

Earth Rad_.ue

The derivation of these equations is based upon curve ma,.eh_ng

techniquez ,>_nDloyed by Frank and Perrine and have shown good corres-

pondence ,,:±th result_ obtained on the IBM 709 with the complete equations

_o_on_ home representative plots arc' showz in fi_urea 12 _'° "

,r_b for "__: ";_ .._.___......path angles nsar the uz_dershoot bour.dm_,-(-6_35 ° at zbO.OCO

it) After co_&ction of ulots for _4 __. _ f_.g,_t path angle_ near the over=

_._o_t bouu" axT._q_2_.l° at 2_",f.,_O:O_.ft) t_e various curve_ _:_.'_ oe ........e._

into plots :cpresent_tiv¢- of in-tial _ntry angles a_d _::.:cc.ax_._,uz,._.a_

I"



restriotion_ app!ied_ The final result will be a series of "foot=

prints" repzesentative of flight path angle_ within the overshoot and

undershoot boundari_z that will define the laLeral and longitudinal

maneuver capability of the vehicle wiZh critical load and heat factors

taken into account_ Plans are presently under _ay to mechamize this

serie_ of ground traces into a pilot display so that manual control

of flight r_nge will be afforded°

This display will be coupled with an existing three-dimensional

analog simulation of the Apollo re-entry w_ich i_ prese_,t!y being

utilized to study automated re-entry techniqueso

The ground traces shown in figures 22 through _3 represent various

L/D trim conditions and the longitudinal and lateral range as a function

of roll angle_ For example, in figure 22 a range of greater than

22,000 N.Mo is possible if a constant L/D of °56 is flown and this i_

thm 0 ° bank L/D condition° For a bank angle of 45 ° the longitudinal

range drops to 13_200 N_Mo for L/D constant " _56 while a lateral range

of 40 NoM_ to the ri£:ht of the initial flight path is realized° It

should be pointed out once more_ that these plots do not as yet have

maximum s_p apogee_ load_ or heat factors superimposed° The place of

the Chapman Z function in the overall atmospheric entry control loop

_ sho_m in figure 34_

The assamptions in the mechaniza_io_ of this scheme are:

lo Initial conditions at re-entry in terms of velocity_

flfght path angle and ran&c to go will be supplied by tht,

m_d-course guidance system=

2o Continuous _owled:ie of the range to the "" _ ;_ar_e_ as computed

by the in<:rtial system_



_ith these restrictions in mind_ the operation of the entry

control system would be roughly as follows:

l_ With the initial conditions enumerated above supplied by

either ground fix or the inertial platform_ an initial

L/D (bank angle) is chosen for entry based upon the range

to the target° Insertion of t:_is parameter into the com-

puter along with the initial conditions supplied by the

inertial platform will indicate the correctness of the

selection by computing range for a selected series of L/D

ratios and comparing the results with the original choiceo

The comparitor ratiometer will present this information

to the pilot in the form of the footprint display in ad_

dition to commanding a new L/D ratio through the vehicle

dynamics° The pilot will be able to override the control

loop and take primary command at any time°

Bo Ballistic Control Followed By Equilibrium Glide

This technique uses guidance steering which has been developed

for hitting a fled point in space followed by an equilibrium glide

to the target° Altitude damping is required in the transition from

the free-fall to the equilibrium glide portion of re-entry. This sys_

tem is expected to be extremely effective in controlling skip type re®

entry_ We limit ourselves to a two-dimensional consideration of the

_roblem in the guidance plane° In a cartesian frame centered at the

center cf the earth_ the vehicle position and velocity will be de=

e !

noted and ._j_/_ at any time to The target point will

be denoted ,_ ,_ and the desired hit time T_



The equation of a Kepler!an ellipse (with focus at the origin)

through the vehicle position can be _,_itten

c_>_xk, --,'-4_,<,_ = f2;_" *_,.2)":'- _ ,_

The derivative of this expression

provides another relation between the constants a_ b_ o_ and this is

all the 1_inematics can say° The t'_ird relation depends upon the

dynamics and is called Kepler's _econd Law:

where O is the product of the universal gravitational constant and

the mass of the earth_ These three equations completely define a_ b_

#

and o_ and_ hence the free-fall trajectory for given _.)_/f)Xs_/_#.

Our problem however_ is to determine _._j so that the resulting

path goes through _,y-_ _ at the time T_ The requirement that the

trajectory pass thro_gh the target point gives

_4__xr *%_..z- *4__..-- (_x_-÷ _'ru =--'"_

Equations (i) through (4) constitute four equations in the five

Q

unknown a_ b_ c_ _ _ ._, _, At t is point the usual procedure is

to introduce the expression for the free-f_ll tim_ as the fifth rela ....

tiono T.i8 system cannot be _:_o!ved in clo_ed form for _A_r z ,_,N ] thus

an iteration technique is employed° A velocity i_ guessed wLich goes

through the target point _ince _his can be solved_ Then the f£ight

time is chechod against T_t_, The velocity is c_odified in successi-,e



_'ps until a match ±s obtain_d_

The objection_ to this procedure are as follows:

Ca) The expression for time is complicated hence iterating it

is undsslrableo

(b) Even after the perfect or correlated velocity I_ computed

the vehicle can only _teer to null one component or else te

establish a preferred ratio of components° Then, as ths

non_zsro component(s) are driven to zero by the acceleration_

the rocket thrust Is terminated°

An obvicus alternative suggests itself at this point_ i.eo re-

define the correlated velocity so that we simply steer to hit the tar-

get point_ regardless of the time of arrival there° In this manner_

the troublesome expression for time is eliminated from the steering

computation, permitting a solution in closed form° The procedure then

would be to monitor the flight time resulting from this steering°

:_e no_z consider equations (1) through (4) and

i
C5)

as six equations in the unknowns a, b_ ct _ _ _ /" o In addition

to the target position _._ _7- _ _ the vehicle speed _ is assuzied

k-no,.me These equations can be solved to yield a single equation in

the desired flight path angle° First of all a_ b_ c can be eli_nated

f

from equ_t±on_ (1) through (4) leawing a cubic equation in j_ _ :_, o

Froz physical conslderations_ It was guessed that this equation _ust

be factorable_ el!__inatLng the one root which is always rc_ Whem



the speed is less than mimimumenergy there should be no real root

and when it is greater_ there should be only two real roots_ The

linear factor was found (it corresponded to the degenerate case of

two straight lines from the center of the earth to the points /_@

and _T _ _ ) and the resulting quadratic equation was

Finally substituting r5) into (6) and dividing through by-_- _/_S_ _'_

yields

where

(8)

4/=

The solution for tan F is

(9)

The sign ambiguity is easily settled--we want the smallest tan /_' o

The steering law can then be written as

(io)
0



The above equation for tan 6_ has been mechanized in an analag

program and combined with a two dimensional trajectory 8imulationo

The evaluation of this steering law is presently being conducted and

preliminary results indicate that skip trajectories can be effectively

controlled°

When the vehicle velocity has become 6ub_orbital for either

direct or s]_p_ing type re-entryc a transition to equilibrium glide

is initiated by an altitude damping control law of the fork

" ,4¢

FollowLng the altitl_de damping phase, an equilibrium glide will be

made to the target using a control law of the form:

\

I

_

This type of control has been thoroughly evaluated for sub_orbi_a!

velocities in previous studieso It is very effective in controlling

the impact polnt and is easily controlled by a human operator°

The evaluation of this guidance technique will be completed wi_h_

in the next _ontho

Co Skip Into Near Orbit

During the ear!_ pe_rtion of the Apollo program an operational coD_

cept wac e_olv_d which required a si_p into orbit upon returning to

the earth from a It_ar missiono Thi_ concept has many attractiv_



features from a control standpoint such as good control over landing

site selection, updated re-entry conditions during orbit by means of

ground tracking or airborne measurements and the fact that the vehicle

could use developed techniques during the re-entry from an earth orbit@

The obvious disadvantage of such a concept would be the weight of

propellant requlred to achieve and de-o_.,bit f_om the desired near-

earth orbit and the added complexity required of such a system° In

order to evaluate this concept a program was initiated on the Martin

analog facility which incorporated a control steering law to modulate

lift during the initial re-entry from the parabolic approach speeds

in such a manner that a minimum impulse would be required to achieve

an orbit whose perigee was greater than 400,000 ft and whose apogee

was less than 400 miles, A parameteric study has been completed

utilizing a special form of the control law developed in section II-B

of this memo referred to as tangent steering, This steering law at-

tempts to modulate lift so as to produce a trajectory that is tangent

to a target orbit of a desired perigee altitude. The steering law

commands a change in lift proportional to the error between the _

(Yd.lred) .d (Factual t ou htherelationship



In order to simplify the mechanization of this law on the

analog computer an approximation was developed which is of the form

73 runs were made on the analog program in which the initial condi®

tions within the 40 mile design corridor were varied° The target

orbit radius was varied as was the gai_K_in the steering law to study

the effects of these parameters on the _ _ requirement° Figures 34_

35 and 36 show the _ i/ requirements as a function of the steering

law gain and initial conditions for various target orbit altitudes°
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"_e indirect rne_hod. The s_gr-flcan_ r.dvan_ge of __e d._rcc_ r_.e_hod _e _,'_s

abilfAy 'codeterLu,_ne near op.,'_inuumso_ut_,ons _n re_'ely few cornp_:,_ercycles,

To app!y a direct variational '_echn_.queto the Apo!lo veh_c]e_ a_ ov._board

computer would be progranan_ed _o determine, _.he!ff_comnuande wh_.__k_in

_urn_ would be inlOUte to _e control system. Boundar 7 condit_onz cone!s'tlng

of pos_don_ rate and alt_otudedata wou_td be prov_ded _he computer by ef._her

on-board sensing devices or ground control llnkages. To accoun? for errors

in _e system (primari:y input posf._ion and rate d_a: the trajectory could be

con_lnually optlm_ed from _e veh_cle_ pre_en_ position _o _e de_..red

_ouchodown point The s_etem wou_d becon_e _cr_a_f._g!y acaur_;;_ s:e_e

_mpact point _s neared. The sign[fican_ advan_age [_,e_in _; ability _o guide

_e vehicle in a nua_er which would 6p'._r_e so_e pertinent physical

parameter su_,_ ag _ir_mlziv_ _e heat input to '_'_e body, r_!_in_!zin_ _he

flight time, e_c

Since the me_od_ of References _7_ and _8'_v.re _.e f_rst direct tra_ec_ory

optlr__i_atlon nue_hode to _how promise for future guidance shcernee_ worh is

con_Inu_,ng _o evolve a s_,n_.p._e_direct opt_.mura ,,'.ora*.._eastsear op_'_rnur_}

guidance technique _o be applicable for _be Apo][_o vehicle,

An Interesting a1_erna_e _,pp.U.ca_._onof such a gu_,dance tech_lquz wo,Jld b_

in _he rende_vou_ mi_s_on_ An optimum guidance _e_hnique z_,',chas d_.gcu_ss_d

abo_,e wou_d have an advantage in con_rolllng the thrust magnitude and

d!rectlon of _he _x=_ercept _.e_._,C_eoSuch a eye.tern would be programmed _o

min_ai_e _..e5_ght finns end fuel consump_io_ front !auncI,_of the intercept

vehicle to ac_ua_ intercept w!'_ _e targe_ satei_!_e.

Status of Inveet'_'_gat!on_

A d_rec-_ _rarla?!ona! r_.e,':hodcapab.!_,of op_ln_Iz_g load fac_or_ hea_ lnpu_

and range is pre_.endy be,_lngdeveloped and prepared for prograran_i_ on _]_e

Mas_er _BM 709 cornpu_er_ The program wDl prov_,d_ a raean_ o_ d__er_Ini_g

the optimum re-entry trajectory from a l=erforrnance _.andpolnt ae wel_ ag

serving as a _:oo)',_or s.tud:_:ngop_ir_u_ re-entry guidance ,te_hn._.quee.

In orde_r _o evah_at_ _._ _chnlq_}e _or _e Apo1_o re.o_n_ry during _fi_

s_udy _ase, a worh_ng _r_rn_nt h_s 5e_r arranged wf/_ Ra_-_eon_ who



has a d_'.r_ct var_at_ona _ r._e-_od (reference 8) _rogran_ed presently o_, an

ZBM 7{_,4_ ':o supp:'j" typ.(a__:\ re..e_try " "_-"_','"

resu!;:_ of _e other ro-.e;::_ry te_rr._.que_ u_der s:_dy Speci_;,ca[ty g_.e _o_a_

,._,_,..ah_._ w_Z', be comps,.red and the res_=)__an_heat, of t_.z:_e k£story a_..d range _'_.-" "_":':-

ad_a_ages offered by "£_ d::re,_(, _.riat_onai, r:_etho,d we_ghe, d aga_._s;: the

_ncr_ased con-_pu;er ,[_e we'gLt _,nd con_p:,e_ty rea.'u:_r_d _c _:e_an;._e _ie

program¢

M_;rt_,'. Cor_-_pm_y Repot:: No, ER [0784 P _Secre:,

ll_ r'_tte..o _erab,_e Spa,_.e Vehi_,_,e, l_:io_:ed '_

2_ Nz_ona_ Aeronau:_cs arid Space Adn'_£n_'_Ara',__on Te_h_5_ca]. Report: R-_: :_

"Az Appro:_raate ?_ -_ ar S_uds_.g En_ry [ro_:o Planetary.,, Aria. _._c ... Method for .

A_._ogizhere_ _' by Dean R_ C-T_apn_a_.,.,

3. M$'.r'_£z Company, ReDor;" No, ER .,:"_,245 M "Marched Lunar Veh___e Sys':eza"

. _AS P_per No. 59° !24, _yn_eeie and F_._ght Test of a Br..A_, ..... M_ss_!e_-

Adp_t_._,_e F:J.gh_: Control Sya_ern" by Ordway IB. Gat:es_ J'r ard Orr_n C- Ka__r, _,

lVlart_n Company Releor2. U_des£gna_ed nur.,_ber, "Use o_ Descr_.b_g

Fun_t_.one ,in Ana._ys_._ o_ Nor:_._near Co_ro] Systems," by W. E Foy_ o_r.,

Jam_.ary, ,i 959_

_. Truxa_ "Autor_a_Ic Feedhaak Coz,.trol System Syria.eats," M_Graw .HUt Coo_ 19_t

_. To _r_'_,er asstsf: f_ _e evaluat£o_ of _;h_.s tec.hn'que for re=en<ry gutdaz, ce,

Ra)_heo_r ts s_l_p)t:,dng a_)es_;_ate or_ G_e airborne conq_ter required _or "_c

con_pu_er d_v_.lOl_ment _:_me and _.he Fi_y_£ca_ c_hara_er£_':'c_ o_ _he _o_ _',_r
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_uRPIDOE WILV_H ALLOCATIONS

This memorandu_ describes the o_n,ridor ._idth allocations far the

W-X and I_,2_Cvehicles° The I0 N_ mio guidance ¢orrld_rD the _D N. mio

design corridor and hhe modulated lift load factor limited corridors
positions relative to each other

are presented and t}_ir areindicate_. _ternative positioning arrenge_

ments are also included to show the i1_fluence of positioning af the

various corridors on maximum load factor and m_um stagnation poimt

hsmtisg rate°

Io DEFINITION OF CORRIEORS

All co_idor _idGm mentioned in this docu_mmt refer to the vac_mm

perigee width as used by Chapman°

use in the later discussionl

The foll_inc terms are daf_ned for

io Negative CLmax Overshoot

There are a variety of definitions in use for the over_

shoot boundary_ For exmmpie, there is the "single pass over_

shoo%" _ah is defined as t_m m_mmm perigee altitude at

which the vehicle can enter at maximum negative lift coefficient

and reach the earth wit"_nin a rsmge of one earth's circumference

from the smtry point° There is also in use the definition of

overshoot based _n the abrapt change in range to impact described

in the sketch balow_

I I Range vs. _" for constant negative CL

-- One earth's circumference
O

o _ oingle pass overshoot

_ _ Overshoot defined by the abrupt

• s change in range point
_._

P_V_RY K_IGI_ PATH _NGLE_

....

g-



J

o

The difference in overshoot _y az_le betwee_ these

de_nit_ is about .05 ° w_c& is equiva&ent to about one

half mile in co__idor _&d_o

The ne6a_.ve CT, overshoot d_CiuitLon e_oloTed in this

dec_z_nt falls som_ere between these _o definitions° Here

the negative CL_ax @ver_leot boundsA_j is defined as the maximm_

perigee altitude at ;_ich t_ vehicle can enter at r_gative

CL and remain within th(_.atmosphere° (400_000 fro)

The primary point to be made is that t_e effect of the

eversheet defir_ti_ employed has a negligible effect on the

eerrldor width_ Fresentedo

Positive C L Overshoot
max

The positive C L overshoot boundarY is defined arbitrarily
max

as the maximum perigee altitude /or which the vehicle can enter

at positive CL to the point where _ = O° at which time
max

negative C L is applied and the vehicle is able to remain

within the atmosphere.

The purpose of introducing this overshoot definition is to

illustrate the reduction in corridor width which would occur

if it were necessary to enter the atmosphere without precise

flight path angle information. For example, in emergency

situations in which knowledge of the exact reentry conditions

are not available, the vehicle would h_ve to enter at positive

lift until it was determined (from a load factor time history)

for example) that an overshoot condition existed. Once this

was determined_ a roll to negative llft would be performed°

The positive CI. overshoot boundary is then representative of

a practical boundary for this emergency condition_

................................. •......................



This overshoot boumdary is approximately 5 to 7 n_mio

below the negative CL boundary_
ms_

5o Guidance Corridor

The guidance corridor is the 30" corridor width attainable

for a final midcourse correction at 30,OOOnomi. from the earth_

This corridor width is estimated to be IO n_mi. or _5 n.mi_

about the desired perigee altitude_ The reason for making no

midcourse corrections closer than 30_000 nomiis the rapid increase

in propulsive velocity increments required to produce a given

change in perigee altitude as the altitude decreases° The

improvement in altitude measurement accuracy at the point where

the radar altimeter becomes effective results in improved knowledge

of the reentry conditions_ it is estimated that the entry

flight path nngle will be known to within ÷0.05 ° by the time

reentry is initiated. This means that the location of the vehicle

within the lO n°mi_ guidonce corridor will be known to within

about Oo5 no mio This accuracy is sufficient for reentry

trajectory predictions required for reentry guidance°

4o Design Corridor

It is not considered practical to design the reentry

vehicle for only the lO nomi. guidance corridor_ However, it is

not yet clear how much additional corridor width should be

provided° Until such information becomes available, it will be

assumed that the reentry vehicl_ will be designed for a 40 nomi_

corridor width_ In addition, it has been assumed that this

40 nomi_ corridor is measured vith respeCt to the positive CL
ma_

overshoot°



o

The combination of these two assumptions will result in a

conservative reentry vehicle design°

G-limited Undershoot

The minimum perigee altitude at which the vehicle can re-

enter and not e_ceed a specified maximum load factor (G) load

/actor is referred to as the G-limited undershoot boundary of

the corridor. In order to be able to determine this boundary

for a given vehicle, two quantities must first be speciCied:

(!) the mg_umum allowable load factor and (2) the technique by

which the vehicle's attitude is to be controlled° Figure 1 and

2 illustrate some of the possible combinations of these two

variables for the W-I and L-2-C vehicles respectively. Also

shown for later informati._n are the correspondin_ maximum

stagnation point convective an_ radiative heating rate and the

time duration for which the load factor exceeds 5Go Total heat

loads have not been shown because of their dependence on other

_arameters not considered here. The corridor widths presented

in these two figures are referenced to the positive C L
max

overshoot.
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If, Corridor Width Allocations

The tentative positioning of the various corridors with respect

to each other is shown in Figure 3 for the W-1 vehicle. The figure

is essentially the same for the L-2-C configuration with the exceotion

of the region below 40 n°mi. corridor, This additional corridor

capability does not exist for the L-2-C due to the restriction on

allowable _ngle of _ttack imposed by after-body heating considerations°

This additional corridor capability may or may not be available to the

W-1 depending on the detailed characteristics of the heat shield

design which evolve from the 40 n,mi. design corridor.

The important characteristics to be noted from Fig_ 3 are:

lo The u_e of the positive CL overshoot in defining the
mGx

design corridor,

2o The central location of the guidance corridor within the

design corridor.

3, The _5 n.mi, corridor allocation for expected v_riations in

atmospheric density leaving +I0 nomi. additional corridor

margin within the design corridor.

The maximum load factors and heating rates associated with the

above corridor arrangement are tabulated in Tsble Io The column on

the left of the table lists five _ossible combinations of overshoot

definition, guidance corridor loc_tion, and lift control technique

during the initial phase of the reentry. The possible overshoot

definitions are the positive and negative C L overshoot° The
max

guidance corridor locations within the design corridor _re (1) the

"mid" location _ith the desired perigee _0 n, mi. below the + C L
max

overshoot and (2) the u_per location with the desired perigee l0 nomio

below the + CL overshoot. The lift control techniques shown are
max

P



constant CL y constant (L/D) max and llft modulation from CL
max

max

to (L/D) max

Combination _I in the first column is the proposed method of

operating the vehicle_ The resulting peak load factors of 6 to 8G

in the guidance corridor are within the experimental human G tolex_nceso

However, it may be found that the period of weightlessness prior to

the reentry reduces the crew's G tolerance. In this event, it would

be of imterest to learn what alternatives to the present plan are

available_ Combinations _2 th,'ough _5 present four possible alternatives.

Both the reduction in load factor and change in peak heating rates are

shown° It is apparent that substantial load factor reductions may be

achieved at the expense of more severe heating conditions o_ reduced

margin between the guidance and design corridor overshoots_ A very

similar situation exists for the L-2-C.

/
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